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Abstract.
This thesis describes an investigation into ductin, a highly conserved and polytopic 
transmembrane protein which is the subunit c component of the vacuolar H+- 
ATPase (V-ATPase) and a unique component of the connexon channel of gap 
junctions. The aim of the thesis was to identify regions of ductin involved in the 
association with other subunits of the V-ATPase and to determine the manner of 
ductin's synthesis and assembly into a multimeric state. Ductin has been studied 
using a cell-free expression system based on rabbit reticulocyte lysate and in a yeast 
system using a strain of conditional lethal yeast that are deficient in ductin.
A set of residues thought to be critical for the activity of ductin reside in the two 
conserved extramembranous loop regions, which are thought to serve as sites of 
contact with other subunits of the V-ATPase complex. To test their importance 
these loop regions were exchanged with the corresponding regions of VMA11, a 
protein homologous to ductin but with a distinct activity. The resulting loop 
chimeras of ductin were expressed in the yeast strain deficient in ductin and the 
activity of the chimeras was assayed. Both of the conserved loop regions were 
found to be sensitive to substitution, with the first loop between helices 1 and 2 
having a significantly reduced activity while the second loop between helices 3 and 
4 was inactive. This indicates that these conserved loop regions are important for 
the activity of ductin, possibly in a manner similar to that of the polar loop region 
of the FjFo-ATPase subunit c.
The synthesis of ductin was dependant on the presence of microsomal membranes, 
and ductin was inserted into this endoplasmic reticulum derived membrane, as 
shown by trypsin insensitivity and sodium carbonate extraction. The self-assembly 
of ductin into an oligomeric complex was shown by the co-immunoprecipitation of 
two forms of ductin using antibodies specific to one of the ductin forms. The 
presence of an aqueous channel in this oligomeric complex was shown by the
labelling of cysteine replacement mutants in the putative central gap junctional 
chanel with a membrane impermiant maleimide probe, fluoroscein-5-maleimide.
The orientation of ductin once it is inserted into the microsomal membranes was 
determined by two methods, firstly from the sensitivity to trypsin of a C-terminal 
extension, and secondly from the labelling by fluoroscein-5-maleimide of single 
cysteine residues. A trypsin sensitive C-terminal extension based on the mature N- 
terminus of (3-lactamase was engineered onto ductin (Nductin-(3 lac) with the 
expectation that the ability of trypsin to cleave this extension would be determined 
by the orientation of ductin. After trypsin treatment two populations of Nductin-|3 
lac were observed, one cleaved the other uncleaved, corresponding to a 
cytoplasmic and lumenal C-terminal location respectively. The presence of dual 
orientations for ductin was confirmed by the fluoroscein-5-maleimide labelling, 
since a single cysteine residue on either side of the microsomal membrane was only 
partially labelled while the membranes remained impermiant to the fluoroscein-5- 
maleimide.
for my friends andfamily; and thanks for all the help
VTable of Contents.
Page
Abstract ii
Acknowledgements xi
Abbreviations xii
List of figures xiv
List of tables xvii
Chapter 1. Introduction. 1
1.1. General introduction. 2
1.2. Co-translational insertion of integral 3
membrane proteins.
1.2.1. Targeting of proteins for translocation. 3
1.2.2. The translocation machinery. 6
1.2.3. The length of the conducting channel. 7
1.2.4. Other components of the translocation 8
process.
1.3. Signal sequences and membrane topology. 10
1.4. Assembly of oligomeric membrane proteins. 14
1.5. Ductin as a model protein for membrane 15
insertion and assembly.
1.6. Ductin complexes. 16
1.6.1 Introduction. 16
1.6.2. Gap junctions. 16
1.6.2.1. Introduction. 16
1.6.2.2. Structure of the gap junction. 17
1.6.2.3. Gap junction physiology. 18
1.6.3. The mediatophore. 19
1.6.4. The vacuolar-type H+-ATPase. 21
1.6.4.1. Introduction. 21
vi
1.6.4.2. Subunit composition of the V-ATPase 23
complex.
1.6.4.3. Structure of the V-ATPase complex. 27
1.6.4.4. Assembly of the V-ATPase complex. 28
1.6.5. Evidence that the same ductin polypeptide 29
functions as a V-ATPase, gap junction and 
mediatophore component.
1.7. Structure of ductin. 29
1.7.1. Introduction. 29
1.7.2.1. Structure of subunit c of the FjFo ATPase. 30
1.7.2.2. Mutational analysis of subunit c. 31
1.7.3. The structure of ductin. 33
1.7.4. Mutagenesis of ductin. 36
1.7.5. Orientation of ductin in the lipid bilayer. 37
1.7.6. Ductin related proteins. 38
1.8. Ductin-associated viral proteins: E5 and pl2. 40
1.9. Summary. 41
Chapter 2. Materials and Methods. 43
2.1. Materials. 44
2.1.1 Chemicals. 44
2.1.2. Kits. 45
2.1.3. Equipment and Plasticware. 46
2.1.4. Plasmids. 46
2.1.5. Antiserum. 47
2.1.6. Bacterial Host. 47
2.1.7. Yeast culture media and buffers. 47
2.1.8. Water. 47
2.2. Methods. 48
48
48
49
49
50
50
51
52
52
52
52
53
53
53
54
54
55
55
56
56
57
57
57
57
59
Nucleic acid Procedures.
Growth, transformation and storage of 
competent cells.
Preparation of nucleic acids.
Plasmid minipreparations: alkali lysis method. 
Large scale plasmid preparations 
(Qiagen tip 500 plasmid kit).
Preparation of total RNA from yeast. 
Preparation of oligonucleotides.
Enzymatic manipulation of DNA.
Restriction digests.
Dephosphorylation of 5' phosphate groups 
from plasmid DNA.
Ligation of DNA fragments.
Agarose gel electrophoresis.
Purification and quantitation of nucleic acids. 
"Wizard" DNA purification system. 
Purification of nucleic acids by 
phenol/chloroform extraction.
Concentration of nucleic acids.
Quantitation of nucleic acids.
Sequencing of double stranded DNA. 
Polymerase Chain Reaction (PCR).
Reverse transcriptase-PCR (RT-PCR).
In vitro RNA transcription 
Protein procedures.
Protein preparation.
Polyacrylamide slab gel analysis of proteins. 
Western analysis.
60
60
61
61
62
62
63
63
64
65
66
67
70
70
73
73
77
77
82
82
84
86
86
Protein assay.
Immunoprecipitation.
Alkali extraction of microsomal membranes. 
Proteolysis reactions.
In vitro translation.
Chemical modification of cysteine residues. 
Preparation of vacuolar membranes. 
Vacuolar-ATPase assay.
PCR constructs.
Transformation of yeast.
Results.
Introduction.
Expression of chimeric forms of ductin 
in S. cerevisiae.
Introduction.
Cloning of VMA11 cDNA.
Characterisation of the vat c and NUY43 
yeast strains.
Expression of Nductin and VMA11 in yeast. 
Construction of ductin chimeras. 
Transformation of yeast.
RT-PCR analysis of yeast transformed with 
loop chimeras.
Expression of ductin chimeras in S. cerevisiae. 
Western analysis of yeast transformed with 
ductin chimeras.
Construction and expression of further 
mutations to the double loop chimera
91
91
92
93
94
94
94
97
99
101
101
101
103
106
117
124
125
128
128
130
136
136
Discussion.
Replacement of the conserved loop regions 
of ductin.
Additional mutation of the 1-2/3-4 loop 
chimera to VMA11.
The yeast expression system as a tool. 
Synthesis and assembly of ductin. 
Introduction.
Examination of an in vitro expression system- 
(3-lactamase.
Synthesis of squid rhodopsin.
Synthesis of Nductin.
Membrane insertion of Nductin.
Orientation of ductin in the microsomal 
membranes.
Introduction.
Construction of Nductin-(3 lac.
Trypsin digestion of Nductin-(3 lac.
Chemical modification of ductin by 
fluorescein-5-maleimide (FM).
The role of charge in determining the 
orientation of Nductin-p lac.
Orientation of VMA11.
The assembly of ductin complexes. 
Introduction.
Immunoprecipitation of ductin complexes. 
The assembly of Bductin El 39R.
Chemical modification of ductin complexes 
by FM.
X3.4. Discussion. 142
3.4.1. The in vitro translation system. 142
Chapter 4. General Discussion. 144
4.1. Role of the conserved loop regions. 145
4.2. Role ofVM All. 149
4.3. Orientation of ductin in microsomal membranes. 151
4.4. Assembly of ductin complexes. 158
References 163
Acknowledgements
I would like to thank my supervisor Dr Malcolm Finbow for all his help and advice. 
In addition, my thanks to Liam Meagher, Dr John Pitts and all the other members 
of R5 for all their contributions. I would also like to acknowledge the financial 
support of the Medical Research Council and the Cancer Research Campaign.
Declaration.
The work described in this thesis was performed personally unless otherwise 
acknowledged.
Abbreviations.
Ax Absorbancewavelength
ATP adenosine 5' triphosphate
Bductin bovine ductin
bp base pairs
BFA Brefeldin A
BPI bactericidal/permeability-increasing protein
BPV bovine papillomavirus
cAMP 3', 5’ cyclic adenosine monophosphate
cDNA complementary DNA
CIP calf intestinal alkaline phosphatase
cm centimetre
Da Dalton
DCCD dicyclohexyl carbodiimide
DNA deoxyribonucleic acid
ECL enhanced chemiluminescent
EDTA ethylenediaminetetra-acetic acid, disodium salt
EGF epidermal growth factor
ER endoplasmic reticulum
EM electron microscopy
FTIR Fourrier transformed infra-red
g gram
GJIC gap junctional intercellular communication
hr hour
IMP intramembranous particle
k kilo
1 litre
P micro
m milli
M molar
mA milliamps
MES 2-N-morpholinoethane sulphonic acid
min minutes
mol mole
MOPS 4-morpholinepropanesulphonic acid
MP membrane pellet
mRNA messenger RNA
n nano
Nductin Nephrops ductin
NAC nascent-polypeptide-associated complex
nm nanometre
oligo oligonucleotide
ORF open reading frame
o/n overnight
PAGE polyacrylamide gel electrophoresis
PBS phosphate buffered saline
PCR polymerase chain reaction
RER rough endoplasmic reticulum
rpm revolutions per minute
RNA ribonucleic acid
RNase ribonulease
SDS sodium dodecyl sulphate
sec second
SRP signal recognition particle
TEMED tetramethylenediamine
TPA 12-O-tetradecanoy lphorbal-13-acetate
tris 2-amin-2-(hydroxymethyl) propane-1,3-diol
UV ultraviolet
V Volts
v/v volume for volume
W Watts
w/v weight for volume
X-gal 5-bromo-4-chloro-3-indolyl-[3-D-galactoside
Amino acid one and three letter codes
A Ala Alanine
C Cys Cysteine
D Asp Aspartic acid
E Glu Glutamic acid
F Phe Phenylalanine
H His Histidine
I lie Isoleucine
K Lys Lysine
M Met Methionine
N Asn Asparagine
P Pro Proline
Q Gin Glutamine
R Arg Arginine
S Ser Serine
T Thr Threonine
V Val Valine
W Trp Tryptophan
Y Tyr Tyrosine
xiv
List of figures.
Page
Figure 1. Model of the co-translational insertion of integral 5
membrane proteins.
Figure 2. Classification of integral membrane protein 11
orientation.
Figure 3. Model subunit structure of the FjFoATPase. 22
Figure 4. Structural model for the yeast V-ATPase. 24
Figure 5. Proposed orientation of ductin in the gap junction 39
and the V-ATPase complex.
Figure 6. Sequence alignment of 16-kDa proteins. 71
Figure 7. Partial sequence of PCR cloned VMA11 cDNA. 75
Figure 8. Loop chimeras of ductin. 80
Figure 9. Partial sequence of the PCR cloned 1-2 loop 81
chimera.
Figure 10. RT-PCR analysis of yeast transformed with 83
loop chimeras of Nductin.
Figure 11. Growth of transformed yeast at pH 7.5. 85
Figure 12. Western analysis of the 1-2 loop chimera. 87
Figure 13. A model depicting the character of the proposed 90
surfaces of the four a-helix bundle of Nductin.
Figure 14. Synthesis and insertion of |3-lactamase into 96
microsomal membranes.
Figure 15. Membrane insertion and orientation of 98
squid rhodopsin.
Figure 16. Synthesis and insertion of Nductin into 100
microsomal membranes.
Figure 17. Trypsin digestion of Nductin. 102
XV
Figure 18. The predicted band pattern of Nductin-|3 lac 104
before and after trypsin treatment.
Figure 19. PCR strategy for the generation of the extended 105
Nductin, Nductin-p lac.
Figure 20. Synthesis and insertion of Nductin-p lac into 109
microsomal membranes.
Figure 21. Trypsin digestion of Nductin-p lac. I l l
Figure 22. Time course of trypsin digestion of Nductin-p lac 113
in microsomal membranes.
Figure 23. Time course of trypsin digestion of |3-lactamase and 115
squid rhodopsin in microsomal membranes.
Figure 24. Time course of trypsin digestion of Nductin-p lac 116
and (3-lactamase in microsomal membranes.
Figure 25. Disposition of Nductin in the bilayer showing the 118
positions of the residues replaced by cysteine, S6 and S44.
Figure 26. Labelling of (3-lactamase by fluoroscein-5-malimide (FM). 120
Figure 27. Labelling of the cys6 and cys44 substitutions 122
of Nductin by FM.
Figure 28. Labelling of the cys6 and cys44 substitutions of Nductin 123 
by FM in the presence of SDS.
Figure 29. Time course of trypsin digestion of NductinKK-(3 lac 126
and (3-lactamase in microsomal membranes.
Figure 30. Time course of trypsin digestion of NductinAA-p lac 127
and p-lactamase in microsomal membranes.
Figure 31. Time course of trypsin digestion of VMA11 -p lac 129
and p-lactamase in microsomal membranes.
Figure 32. Self-assembly of ductin complexes. 131
Figure 33. Association of Nductin-p lac with VMA11. 133
Figure 34. Non-association of Nductin with PPA1. 134
XVI
Figure 35. Non-association of Nductin with squid rhodopsin. 135
Figure 36. Self-assembly of ductin complexes is not disrupted 137
by the E139R mutation.
Figure 37. Disposition of Nductin in the bilayer showing the positions 138 
of the residues replaced by cysteine, S25, L27 and A29.
Figure 38. Labelling of the cys25, cys 27 and cys29 substitutions of 140 
Nductin by FM.
Figure 39. Labelling of the cys25, cys27 and cys29 substitutions of 141 
Nductin by FM in the presence of SDS.
Figure 40. Proposed scheme of the insertion of ductin leading to dual 152 
orientations and the segregation of the assembly of the VO 
of the V-ATPase from the connexon of gap junction.
Figure 41. A model depicting the relative position of residues on the 155 
surfaces of the four a-helix bundle of Nductin.
List of tables.
Page
Table 1. Genotype of S. cerevisiae strains, NUY43 and vat c. 72
Table 2. Nucleotide sequence of flanking primers. 74
Table 3. Nucleotide sequence of internal primers for Nductin 78
chimeric polypeptides.
Table 4. pH growth characteristics of Nductin, VMA11 and the 76
loop chimeras.
Table 5. Functional properties of vat c strains expressing 88
mutagenised Nductin.
Table 6. pH growth characteristics of F24L, Y31I preceeding
and F24L/Y31I. 91
Table 7. Nucleotide sequence of internal primers for Nductin-(3 lac 107
and VMA11-|3 lac fusion polypeptides.
Table 8. Nucleotide sequence of 5 'primers containing a T7 RNA 108
polymerase site.
Chapter 1. Introduction.
21.1. General introduction.
The eukaryotic cell maintains a network of vesicles and endomembranes that 
separates the contents of these organelles from the bulk cytoplasm. A cell is faced 
with the problem of targeting proteins to and into these organelles while 
maintaining the integrity of the organellular membranes. The majority of 
organellar proteins (excluding mitochondria and chloroplasts), as well as plasma 
membrane proteins and secretory proteins, reach their final destination through a 
common entry point in the transport system, that of the endoplasmic reticulum 
(ER) (Ng and Walter, 1994).
Much of the work that has been done on the process of protein translocation 
through the lipid bilayer has focused on secretory proteins or proteins that only 
contain a single transmembrane domain. Integral membrane proteins that contain a 
number of segments that pass through the lipid bilayer have been less well studied 
but are presumed to use the same machinery as secretory proteins.
To date our understanding of membrane proteins has lagged considerably behind 
that of water soluble proteins. Of particular note is the lack of structural 
information for membrane proteins. The few membrane proteins for which high 
resolution structural information is available include the porins, the photosystem I, 
bacteriorhodopsin and light harvesting complex (Deisenhofer et al., 1985; 
Henderson et al., 1990; Weiss et al., 1991; Kuhlbrandt et al., 1994). This lack of 
information limits our understanding of processes that are fundamental for 
membrane proteins, such as folding and assembly. Whether basic principles that 
apply to non-membranous proteins also hold for membrane proteins is an open 
question, since there is little information on how the hydrophobic environment 
present in the lipid bilayer alters the interactions of amino acids. It increasingly 
looks as if the process of folding and assembly of non-membranous proteins is an 
assisted process, with the various members of the chaperonin family guiding the
3folding process along the correct pathway (Frydman et al., 1994). It is not known 
if an analogous system exists for integral membrane proteins.
Ductin is a multi-membrane pass channel (polytopic) protein present in gap 
junctions, the vacuolar ATPase complex and the mediatophore (Finbow et al., 
1995) and on which a number of structural studies have been performed. Although 
there is no high resolution data available, the basic features of ductin have been 
confirmed through a variety of techniques. Basically, it consists of four a-helical 
transmembrane regions probably arranged as a bundle embedded in the membrane 
(Holzenburg et al., 1993). Ductin would appear to be a suitable model protein 
with which to study the process by which polytopic membrane proteins are inserted 
into the membrane and the process of folding and assembly into their final 
quaternary structure occurs.
1.2. Co-translational insertion of integral membrane proteins.
1.2.1. Targeting of proteins for translocation.
Proteins destined for translocation either into or across the ER contain an N- 
terminal "signal sequence", which consists of a hydrophobic stretch of residues, 
flanked on the N-terminus by polar/charged residues (see section 1.3.). The signal 
sequence causes the nascent polypeptide as it emerges from the ribosome, to be 
directed to the translocation machinery situated in the ER ( for refs see reviews, 
High and Stirling, 1993; Rapaport, 1992). The targeting process is mediated by 
the signal recognition particle (SRP) which binds to the signal sequence once it has 
emerged from the ribosome. While the nascent polypeptide-ribosome complex is 
targeted to the ER by the bound SRP, the translation of the polypeptide pauses 
(Walter and Blobel, 1981). The arrest in elongation is lifted once the ribosome- 
SRP complex has bound to the ER.
4The interaction between the SRP and the signal sequence only occurs once the 
signal sequence has fully emerged from the ribosome. Before this, the emerging 
signal sequence is in contact with another complex, the nascent polypeptide- 
associated complex, (NAC) (Wiedmann et. al., 1994). The NAC consists of a 
heterodimer, NAC a  (33k) and NAC (3 (21k), that is associated with the ribosome 
but can be extracted by high salt buffers. The NAC binds to all nascent 
polypeptides after at least 35 amino acids have been translated. Only in the case of 
signal peptides is the NAC later replaced by the SRP. The NAC appears to 
prevent inappropriate interactions between the SRP and emerging polypeptides 
such that only polypeptides with a signal sequence are bound by the SRP and so 
transported to the ER for translocation. In the absence of the NAC, the SRP is 
capable of targeting cytoplasmic proteins for translocation, albeit at reduced 
efficiency compared to polypeptides containing a signal sequence (Wiedmann et. 
al., 1994). For cytoplasmic proteins, the NAC may act as an adapter between 
ribosomes and the cellular folding and transport machineries, thereby protecting 
the nascent polypeptide from inappropriate interactions.
The SRP consists of 6 subunits complexed with a 7S RNA, each with a known 
specific role (Siegel and Walter, 1988). The SRP54 subunit binds with its 22kDa 
C-terminus domain to the signal sequence. The amino-terminal 33kDa domain of 
SRP54 contains a GTP binding site which is thought to be responsible for the 
GTP-dependency of protein targeting. The hydrolysis of GTP is thought to 
control the entry of the nascent polypeptide into the translocation channel 
(Gilmore, 1993). The SRP is recognised by a receptor (SR) present in the 
membrane of the ER, which brings the SRP-ribosome complex into contact with 
the translocation site (figure 1).
5Figure 1. Model of the co-translational insertion of integral membrane 
proteins.
The cotranslational membrane insertion of integral membrane proteins begins 
when the nascent polypeptide first emerges from the ribosome and is bound by 
nascent polypeptide-associated complex (NAC), to prevent inappropriate 
interactions. The first region of the polypeptide to emerge is the signal sequence, 
which once fully exposed is bound by the signal recognition particle (SRP), in 
place of the NAC. The binding of SRP causes a pause in the translation of the 
polypeptide, and during this period the ribosome-nascent polypeptide-SRP 
complex is directed to the rough endoplasmic recticulum (RER) membrane and 
the SRP receptor. The SRP receptor brings the complex containing the nascent 
polypeptide into contact with the translocation machinery. The translocation 
machinery consists of the Sec61p complex and TRAM, with the Sec61p complex 
providing the major component of the translocation channel. Once the ribosome- 
nascent polypeptide binds to the translocation machinery the SRP and SRP 
receptor dissociate from the complex. The translation of the nascent polypeptide 
then resumes, with the polypeptide entering the translocation channel as a helical 
hairpin. Processing of the polypeptide is carried out by the signal peptidase, if a 
cleavable signal sequence is present, and the oligosachharyl complex.
Regions of the polypeptide that become membrane incorporated move laterally in 
some unknown manner and so enter the lipid bilayer.
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61.2.2. The translocation machinery.
The site of translocation is now generally accepted to be composed of 
proteinaceous subunits (Gilmore, 1993). Some of the earlier models on the 
translocation process proposed that a polypeptide could pass directly through the 
lipid bilayer due to a local distortion caused by the signal sequence. Recent results, 
however, indicate that there is a distinct protein-conducting channel present in the 
ER (Simon and Blobel, 1991). Also, studies using fluorescent probes incorporated 
into the signal sequence show that the probes are at all times in an aqueous 
environment and do not encounter a hydrophobic environment during translocation 
(Crowley et. al., 1993;1994). The signal from the fluorescent probes is quenched 
in the presence of iodide ions. Quenching of the fluorescent probes is only possible 
when the iodide ions gained access to the conducting channel from the lumen of 
the ER. The iodide ions could not gain access to the conducting channel from the 
cytoplasmic end, indicating that the ribosome forms a tight seal with the 
translocating machinery that prevents access to iodide ions. The conducting 
channel is gated at the lumenal surface, since the iodide ions could only quench the 
fluorescent probes after 70 amino acids had been translated (Crowley et. al., 1994). 
Reconstitution experiments have also shown that the translocation of proteins is 
dependent on the presence of a protein complex, which presumably constitutes the 
conducting channel (Gorlich andRapoport, 1993). When the translocation 
machinery was reconstituted into pure phospholipid, the minimum requirement for 
active translocation was the SRP receptor and the Sec61p complex. Either of 
these two components alone was not capable of translocation.
The mammalian Sec61p complex from the reconstitution experiments consists of 
three components a ,(3, and y, with Sec61a probably contributing the most to the 
translocating channel (Gorlich and Rapoport, 1993). Sec61a was initially found in 
Saccharomyces cerevisiae via genetic screening for translocation defects and is 
encoded by an essential gene (Deshaies and Schekman, 1987; Rothblat et. al.,
71989; Stirling et. al., 1992). Homologs of Sec61a are now known to be present in 
mammals and have been shown to be adjacent to polypeptide chains passing across 
the membrane of the mammalian or yeast ER (Gorlich et. al., 1992a; Musch et. al., 
1992; Sanders et. al., 1992). In mammals, it is tightly associated with membrane- 
bound ribosomes (Gorlich et. al., 1992a), suggesting that the nascent chain is 
transferred directly from the ribosome into a protein-conducting channel that 
includes Sec61p and that it is Sec61p that acts as the ribosome receptor (figure 1). 
The efficiency of translocation in the reconstituted system differed between 
different secretory proteins; preprolactin could be translocated by SRP receptor 
and Sec61p complex alone, whereas the translocation of prepro a-factor also 
required the presence of the protein TRAM (Gorlich and Rapoport, 1993).
TRAM (for translocating chain-associating membrane protein) was first implicated 
in the translocation process after being chemically cross-linked to a secretory 
protein early on during translocation (Gorlich et. al., 1992b). TRAM is a 
glycosylated 36kDa protein that is predicted to have eight transmembrane 
segments. When TRAM was added back to a reconstituted translocation system, it 
was found to stimulate the translocation of preprolactin and was essential for the 
translocation of prepro-a factor and pre-p-lactamase. The cross-linking of TRAM 
indicates that it is in direct contact with translocating nascent chains after their 
release from SRP and so must be involved early in translocation (Gorlich et. al., 
1992b).
1.2.3. The length of the conducting channel.
The protein environment of translocation intermediates for preprolactin was 
studied in greater detail by refining the technique of cross-linking (Mothes et. al., 
1994). Single photoreactive lysine analogues were introduced at a series of sites 
over the whole length of a nascent polypeptide which was stalled in translation due 
to the lack of a stop codon. The cross-linking pattern of the lysine analogues was
8found to depend on the length of the stalled polypeptide. Long translocation 
intermediates that had the signal peptide cleaved off were found to cross-link 
exclusively to Sec61a over a region of 40 amino acids that was predicted to span 
the translocation channel. The N-terminal amino acids, that had exited from the 
translocation channel, did not cross-link to Sec61a, but instead were cross-linked 
to a variety of unidentified products. Short translocation intermediates which had 
their signal sequences uncleaved were found to have 80 amino acids cross-linked 
to Sec61a. In addition the two most N-terminal lysines were found to cross-link 
with TRAM. In all cases, 30 amino acids do not cross-link, presumably due to 
burial in the ribosome. Immediately after this buried region, the translocated 
polypeptide cross-links to Sec61a, implying direct transfer between ribosome and 
translocation complex. The long intermediates only have half the number of 
residues in contact with Sec61a compared to the short intermediates, presumably 
due to their transmembrane orientation, with the N-terminus in the lumen, while 
the short intermediates are still in a hairpin in the conducting channel (where the N- 
terminus is in contact with TRAM ). It would appear that Sec61a is the main 
component of the translocation channel and at least partially surrounds the 
translocating polypeptide, which agrees with earlier results from the reconstitution 
experiments (Mothes et. al., 1994).
1.2.4. Other components of the translocation process.
In the yeast S. cerevisiae, genetic screening methods have been used to identify a 
number of genes, that are necessary for the translocation of preproteins into the 
ER. The genes identified in this manner were SEC61, SEC62 and SEC63, which 
have now been cloned. These genes encode integral membrane proteins which, 
along with Sec71p, Sec72p (Deshaies et. al., 1991; Feldheim and Schekman, 1994) 
and BiP (Brodsky and Schekman, 1993), exist in a multiprotein complex involved 
in the process of translocation.
9BiP, also called Kar2p, had already been implicated in the process of translocation 
in yeast when mutants in this gene caused an accumulation of untranslocated 
secretory preproteins (Vogel et. al., 1990). BiP has been cross-linked to the a- 
factor precursor during the translocation process, and is able to influence the 
interaction of Sec61p with the translocating a-factor (Sanders et. al., 1992). In the 
mammalian system, BiP does not appear to be involved in actual translocation, but 
it does seem to enhance the process and provide a vectorial element to 
translocation. The lumenal contents of mammalian microsomes (vesicles derived 
from the ER), which are mainly composed of BiP and GRP94 (also called proline 
disulphide isomerase, PDI), provide bias to the transport of preprolactin (Nicchitta 
and Blobel, 1993). In the absence of the lumenal contents, preprolactin was seen 
to experience signal cleavage as normal, but then to undergo retrograde movement 
back into the cytoplasm (Nicchitta and Blobel, 1993). A similar observation was 
made for a truncated version of the bactericidal/permeability-increasing protein 
(BPI); when truncated to 221 amino acids, BPI undergoes the processing events 
indicative of translocation, but it was found in the cytoplasm (Ooi and Weiss,
1992). Normal translocation was restored in the presence of a stop codon, or 
when an extra 32 amino acids were present on the C-terminus. The presence of 
the stop codon may trigger an event that prevents retrograde movement of the 
translocating polypeptide, while the addition of the 32 amino acids coincides with a 
discrete folded domain within BPI. It would appear that lumenal alterations to 
translocating polypeptides provides a vectorial nature to the passage of 
polypeptides through the translocation machinery, and that the conducting channel 
itself is passive (Ooi and Weiss, 1992).
Other proteins that are involved in translocation include the signal peptidase, which 
cleaves off the signal peptide to produce the mature polypeptide (Jackson and 
Blobel, 1977), and the oligosaccharyltransferase complex, which causes the 
addition of high mannose oligosaccharides (Hubbard and Ivatt, 1983). Both of
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these polypeptide modifying enzymes are, however, non-essential for the process 
of translocation (Gorlich and Rapoport, 1993).
1.3. Signal sequences and membrane topology.
The signal sequence that directs a polypeptide to the membrane | is contained 
within the amino acid sequence of the polypeptide (Blobel, 1980), and consists of a 
hydrophobic domain flanked by polar/charged residues. There is no homology at 
the amino acid level between signal sequences, though the function of these regions 
has been conserved over a wide evolutionary distance (Walter and Lingappa, 
1986).
Integral membrane proteins that contain a single transmembrane domain are 
classified according to their final orientation in the membrane, and by whether an 
N-terminal cleavable signal sequence was used to direct the protein to the 
membrane (High and Dobberstein, 1992). Type I proteins have a N-terminal 
cleavable signal sequence and are subsequently anchored in the membrane by a 
more C-terminal "membrane anchor sequence" (figure 2). The N-terminus of type 
I proteins is exposed on the extracellular side of the membrane. Type 13 proteins 
have the opposite orientation in the membrane from that of type I and do not have 
a cleavable signal sequence (figure 2). For type II proteins, the signal sequence 
serves a second function, that of the membrane anchor sequence, with the N- 
terminus exposed on the cytoplasmic face of the membrane, an example of which is 
the paramyxovirus HN protein (Hiebert et. al., 1985). The final category is for 
type HI proteins, which have the same orientation as type I proteins but have no 
cleavable signal sequence (figure 2). Instead, as for type II proteins, the signal 
sequence also acts as the membrane anchor, an example being the influenza A M2 
protein (Lamb et al., 1985). Orientation studies have shown to date that type I
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Figure 2. Classification of integral membrane protein orientation.
Integral membrane proteins have been classified according to their orientation in 
the lipid bilayer and the presence or absence of a cleavable signal sequence. Type 
I membrane proteins have their N-terminus located in the lumen of the ER, are 
directed to the ER by a cleaved signal sequence and are anchored in the 
membrane by a more C-terminal membrane anchor sequence. For type II 
membrane proteins the N-terminus is cytoplasmically located, and the signal 
sequence also acts as a membrane anchor, with no cleavage of the signal 
sequence. Type III membrane proteins have non-cleavable signal sequence which 
acts as a membrane anchor, but unlike type II proteins, the N-terminus is located 
in the ER lumen. Secreted proteins have a cleavable signal sequence but no 
membrane anchor regions, thus they are translocated through the ER membrane 
into the lumen.
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proteins are the most common, type II are less frequent, and type ID are the least 
common (Parks and Lamb, 1993).
The insertion of the signal sequence, whether cleaved or uncleaved, is thought to 
occur as a loop or a helical hairpin (Shaw et al., 1988). According to the hairpin 
model of insertion, when the signal sequence is cleaved, the N-terminus is released 
into the lumen generating a type I protein, whereas if the signal sequence is not 
cleaved, the signal remains in the membrane and acts as an anchor (signal/anchor 
region or S/A region), generating the type II topology. The type III proteins do 
not fit neatly into the loop model, since the N-terminus would initially be on the 
cytoplasmic side of the membrane and must then somehow transfer across the ER. 
membrane.
The signals that determine which membrane type a protein belongs to can be 
interchanged after only a few alterations to key residues in the signal sequence.
The cleaved signal sequence can act as a membrane anchor when the signal 
peptidase cleavage site has been altered to prevent cleavage, and results in a type II 
topology instead of type I (Shaw et al., 1988). In other experiments, type II 
proteins have been converted to type in and vice versa by mutation of the charged 
residues that flank the membrane anchor sequence (Parks and Lamb, 1993). 
Positively charged residues that flank the N-terminal end of the membrane anchor 
appear to be particularly influential in determining the orientation of type II 
proteins. The paramyxovirus HN protein has three positive residues on the N- 
terminal flank of the S/A region, each of which make a contribution to the 
orientation of HN, in particular the arginine residue that directly flanks the S/A 
region. Mutation of these three positive residues to either glutamine or glutamic 
acid caused the orientation of HN to become at least partially type III i.e. with the 
N-terminus exposed lumenally rather than cytoplasmically (Parks and Lamb,
1993). Changes in the charge of the region that flanks the C-terminal side of the
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membrane anchor had little effect on the orientation of HN (Parks and Lamb, 
1991).
Positive charges were implicated as being possible determinants of orientation 
when a large number of signal sequences were compared and a net positive charge 
was observed (von Heijne, 1984). A positive charge has been observed to flank 
the S/A region of type II proteins in a majority of cases. In contrast with type I 
and type II proteins, in most cases type III polypeptides have a net negative charge 
on the N-terminal flank of the S/A region. These observations led to the proposal 
that it was the net charge difference across the membrane that determined 
orientation (Hartmann et al., 1989). However, subsequent experiments did not 
support this hypothesis, since mutants of the asialoglycoproteini receptor HI (a 
type II protein) that altered the charges flanking the S/A region did not influence 
the orientation in the manner predicted by the charge difference rule (Beltzer et al.,
1991). These studies, as well as work on the role of the flanking charges of the 
paramyxovirus HN S/A region (Parks and Lamb, 1991), suggest instead that the 
predominant signal that determines the orientation of a type II S/A region is the 
positive charge present in the N-terminal flanking region. The length of the N- 
terminal region has also been found to have a moderating effect on the orientation 
of insertion; when the N-terminal region is shortened, the influence of the flanking 
positive charges increases (Parks and Lamb, 1993).
The signals that determine the orientation of type ID proteins have proved more 
difficult to elucidate. Chimeric constructs that contain the N-terminal ectodomain 
of a type III protein (either M2 or influenza B NB protein) were fused to the S/A 
region from a type II protein (HN) and expressed in cells, with their orientation 
subsequently determined (Parks and Lamb, 1993). When the M2 N-terminal 
domain was fused, the predominant orientation was that of a type IE protein, 
whereas when the NB N-terminal domain was fused, the predominant orientation
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was type n. This suggests that there is some other factor that influences insertion 
into a type III orientation, and that this other factor is probably located in the S/A 
region (Parks and Lamb, 1993). Another observation that supports this is the 
length of the S/A region of the type III protein cytochrome P-450 which has been 
shown to influence the orientation of insertion, with longer hydrophobic segments 
favouring insertion into the type III orientation (Sakaguchi et al., 1992). The 
topology of polytopic integral membrane proteins is thought to be determined by 
the signals that flank the transmembrane segments and in effect they are made up 
from a series of signal sequences and S/A regions connected together (Lipp et al.,
1989).
1.4. Assembly of oligomeric membrane proteins.
The assembly of oligomeric membrane proteins occurs in the ER after co- 
translational insertion into the membrane. Once assembled, these oligomers are 
transported to their final destination. Misfolded or misassembled complexes are 
degraded before they leave the ER. Hurtleyand Helenius, 1989). Little is known 
about the molecular events involved in subunit folding and oligomerisation.
One of the better studied oligomeric channel complexes with regard to assembly is 
the acetylcholine receptor (AChR). It is composed of four homologous subunits 
(a,p,Y, and 6) that assemble to form a pentamer with a stoichiometry of c^PyS. 
There is a central aqueous channel, around which the subunits are arranged. Each 
subunit is cotranslationally inserted into the ER. membrane separately, and has a 
processed signal sequence (Popot and Changeux, 1984; Claudio et al., 1989; 
Unwin, 1989; Stroud et al., 1990).
The information that determines the process of assembly of the AChR appears to 
reside in the extracellular N-terminal domains of the a, 6, and y subunits (Verrall
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and Hall, 1992). This is also the case for other oligomeric assemblies, such as the 
influenza HA trimer in which the ectodomain determines assembly jHurtleyand 
Helenius, 1989). The assembly of AChR proceeds at first with the rapid assembly 
of an intermediate a(3y trimer, which is followed more slowly by the addition of the 
6 subunit, and then the second a  subunit (Green and Claudio, 1993). Addition of 
the 6 and second a  subunit requires the creation of appropriate recognition sites on 
the a|3y trimer by the correct folding of the trimer. The rapid formation of the 
trimer may be a consequence of the need to protect critical domains, such as the 
lining of the water-filled pore, from inappropriate environments that would cause 
misfolding or unproductive aggregation (Green and Claudio, 1993).
1.5. Ductin as a model protein for membrane insertion and assembly.
The processes that occur within the lipid bilayer during the membrane insertion of 
integral membrane proteins and their subsequent assembly into functional 
complexes, have remained relatively mysterious due to the lack of structural 
information for all but a few integral membrane proteins. Thus relatively few 
reliable model proteins are available with which to study membrane insertion and 
assembly. One possible model protein is ductin since it is known to consist of four 
a-helical membrane regions embedded in the lipid bilayer (Holzenburg et al.,
1993), the arrangement of which is in the process of being confirmed (Jones et al., 
1995). In addition, the ductin polypeptides are known to assemble into hexameric 
structures in the gap junction Finbow and Pitts, 1993). Thus, it would appear that 
ductin fulfils a number of criteria, that of a known structure and the ability to 
assemble, which make ductin a suitable model protein on which to study these 
processes.
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1.6. Ductin complexes.
1.6.1 Introduction.
Ductin is the most highly conserved integral membrane protein known to date, and 
has been implicated as the structural component of three membrane complexes 
(Finbow et al., 1995). Ductin was isolated as part of the gap junction where it is 
thought to constitute a connexon, the basic channel structure of these cell surface 
domains (Finbow and Pitts, 1993). Gap junctions provide pathways of cell-cell 
communication in the tissue of metazoan animals. Ductin was also identified as 
belonging to the proton-translocating sector of the eukaryotic vacuolar H+-ATPase 
(Arai et al., 1988; Mandel et al., 1988) and the acetylcholine-releasing complex, 
the mediatophore, in the pre-synaptic membrane (Israel and Dunant, 1993). The 
common thread between these three diverse complexes is their function in 
providing a means by which ions or molecules can cross the lipid bilayer. Such 
diversity implies that there is a high degree of functional flexibility within the 
structure of ductin to allow it to operate in all three complexes. This might be part 
of the reason, at least in metazoan animals, for the highly conserved nature of 
ductin, since its functional diversity would have put a constraint on changes in the 
structure that would not have altered function.
1.6.2. Gap junctions.
1.6.2.1. Introduction.
Gap junctions provide pathways for intercellular communication in the tissues of 
metazoan animals. They form at points of contact between adjacent cells and 
provide cytoplasmic continuity through coupled cell populations via sieve-like cell­
cell channels. The channels are permeable to small ions and molecules, resulting in 
extensive intercytoplasmic homeostasis and co-ordination, but they are not 
permeable to macromolecules, allowing cells to maintain their differentiated state.
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With the exception of a few cell types which become uncoupled during terminal 
differentiation, nearly all cells in vivo form gap junctions. The degree of coupling 
between cells varies greatly from tissue to tissue and complex patterns of 
compartmentation can form. Cells which follow different differentiation pathways 
are usually found in different compartments, the boundaries between which may or 
may not be associated with observable morphological features (Kam et al., 1986; 
Pitts et al., 1986; Pitts et al., 1988).
I.6.2.2. Structure of the gap junction.
The accepted model of the connexon has been produced by a variety of imaging 
techniques, such as X-ray diffraction (Makowski et al., 1977,1984; Tibbitts et al.,
1990), negative stain (Caspar et al., 1977; Sosinsky et al., 1990) and atomic force 
microscopy (Hoh et al., 1991). They all reveal the same basic structure, showing 
the connexon to be a cylinder of protein 70-75A in length and 60-65A in diameter, 
with an axial water-filled channel 15-20A in diameter. Each connexon joins end- 
to-end with a connexon in the apposing membrane of another cell to provide a 
direct aqueous pathway between the cytoplasms of the coupled cells. Each 
cylinder is formed from six similar-sized subunits arranged symmetrically around 
the central channel.
Data based on X-ray diffraction studies suggest that about 60% of the component 
protein is a-helical (Tibbittset al 1990). The diffraction pattern can best be 
explained by arranging the protein in the membrane as a hexamer of four a-helical 
bundles (Tibbitts et al, 1990). The dimension data obtained was used to calculate 
the approximate subunit mass, which was found to be 18kDa.
These original studies were performed on mouse liver gap junctions, but have since 
been extended to the heart (Yeager and Gilula, 1992) and the hepatopancreas of
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the lobster, Homarus americanus (Sikerwar et el, 1991), and in both cases the 
basic connexon structure and dimensions are the same as for the mouse liver. It 
seems likely, therefore, that connexon structure in the gap junctions isolated from 
different tissues and phyla is highly conserved.
The constituent protein of the connexon has been the subject of controversy in the 
past, there being two candidates, the connexin family of proteins and ductin. 
Recent work to resolve the issue appears to favour ductin as the constituent 
protein of the isolated connexon (Finbow and Pitts, 1993). The main evidence in 
support of ductin comes from structural work on isolated gap junctions, where the 
distinctive plaques of gap junctional arrays have been isolated under a number of 
different conditions and only ductin can be consistently identified as the protein 
responsible (Finbow and Meagher, 1992). In addition, gap junction fractions 
containing only ductin have been isolated from invertebrates; connexins, on the 
other hand, appear to be confined to the vertebrates (Finbow and Pitts, 1993). If 
ductin is the constituent protein of the gap junctional channel, then there is an open 
question as to the function of the connexin family of proteins. It seems likely that 
the connexins are involved in the process of gap junctional intercellular 
communication at some level, since there is a wealth of data indicating that 
connexins have an influence on gap junction activity (Dermietzel et al., 1990). It is 
possible that connexins could play a role in the formation of the gap junctional 
plaque or, alternatively, they may provide some of the observed specificity in gap 
junction intercellular communication (GJIC).
1.6.2.3. Gap junction physiology.
Gap junctional channels are freely permeable to ions and small cytoplasmic 
molecules, including metabolites and second messengers, but are impermeable to 
large molecules such as proteins and nucleic acids (Pitts and Simms 1977; 
Lawrence et al., 1978; Saez et al., 1989). The exclusion limit of the channel has
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been defined by dye injection studies using fluorescent probes and metabolites of 
different molecular size and charge. The channels exhibit little charge selectivity 
and the permeability can be defined in terms of molecular weight; the exclusion 
limit is approximately 900 Da for mammalian cells (Flagg-Newton et al., 1979; 
Finbow and Pitts, 1981) and 1500 Da for arthropod cells (Simpson et al., 1977).
The structural work of Unwin and Ennis (1984) indicated that the gap junction 
connexon could exist in either an open or a closed state. Functional changes in the 
state of gap junctions have also been observed, and occur on a number of different 
time-scales, such as within milliseconds (Dehaan, 1988), and is reversible. The 
ability to rapidly and reversibly control the state of gap junctions is probably 
necessary to allow a rapid response to changes in the environment of the cell and is 
probably required in order to isolate damaged cells from their neighbours and 
prevent the leakage of ions and metabolites from healthy cells into them.
Changes in the state of gap junctions can occur over long timescales under the 
influence of a number of different agents e.g. cAMP (Hax et al., 1974), retinoids 
(Pitts et al., 1986), and oncogenes (Azamia et al., 1988), as well as during the 
normal course of development (Lo and Gilula, 1979), though how these agents act 
to alter GJIC is largely unknown. Since the formation of gap junctions and the 
control of junctional communication involves multiple gene products (MacDonald, 
1985), the number of potential target sites for the alteration of gap junctions is 
numerous. One such potential target is the expression level of cadherins, which 
have been implicated in the process of gap junction formation (Mege et al., 1988).
1.6.3. The mediatophore.
The mediatophore is a protein complex that was identified and subsequently 
isolated as the membrane component of the Torpedo electric organ responsible for
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the cytoplasmic release of acetyl choline (ACh) (review see Israel and Dunant 
1993). To try and understand the mechanism by which cytoplasmic ACh is 
released by Ca2+ stimulation, the release machinery was purified from 
synaptosomal membranes and reconstituted into artificial membranes (Israel et al., 
1984). The reconstituted proteoliposomes were able to release ACh after 
stimulation by Ca2+. The protein responsible for this activity is 15kDa in size, and 
is present in a 200kDa complex named the mediatophore (Israel et al., 1986). 
When the 15kDa protein was sequenced, it was found to be identical to ductin 
(Birman et al., 1990). Negative stained electron microscope images of the 
mediatophore indicated that it is an oligomer of 8nm diameter and with a central 
hole (Birman et al., 1986).
As a model system to study the molecular aspects of neurotransmitter release from 
cholinergic neurons, mRNA extracted from the Torpedo electric lobe was injected 
into Xenopus oocytes (Cavalli et al., 1991). ACh release by primed oocytes was 
dependent on Ca2+ concentration, and the pharmacology of release closely 
matched the characteristics seen in the native synapse. The mediatophore was 
shown to be expressed, and its activity could be specifically blocked by the 
presence of antisense probes directed against the Torpedo ductin mRNA sequence, 
with a concomitant loss of ACh release (Cavalli et al., 1993). Indeed, ACh release 
was sustained by the injection of ductin mRNA alone.
The presence of large intramembrane particles (IMP), observed by freeze fracture, 
during nerve pulses at the nerve-electroplaque junction has now been associated 
with the mediatophore (Brochier et al., 1992). The mediatophore is as yet a 
controversial mechanism for the release of ACh but the reconstitution of the 
mediatophore indicates that a ductin complex is capable of allowing the passage of 
large molecules by bulk flow, a property not dissimilar to that of the gap junction.
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1.6.4. The vacuolar-type H+-ATPase.
1.6.4.1. Introduction.
Vacuolar-type H+-ATPases (V-ATPases) are a distinct class of proton- 
translocating enzymes responsible for the acidification of intracellular 
compartments in eukaryotic cells e.g. plant and yeast vacuoles, lysosomes, 
endosomes, clathrin-coated vesicles, chromaffin granules, synaptosomes, and 
amoebae contractile vacuoles (for a review see Forgac, 1989). V-ATPases are 
also associated with the membranes of organelles that are not measurably acidic, 
such as the Golgi complex, where it is speculated that the V-ATPases generate an 
electrical rather than a chemical gradient. Finally, V-ATPases are found on the 
plasma membrane of specialised cell types (renal epithelia, macrophages, 
neutrophils, osteoclasts, and insect midgut) where they pump protons out of the 
cell. From a pathophysiologic standpoint, V-ATPases are essential to nutrient 
uptake and processing in the food vacuole of Falciparum (Krogstad and 
Schlesinger, 1987). There is also evidence to suggest that V-ATPases may confer 
resistance to chemotherapeutic agents in cultured tumour cells (Marquardt and 
Center, 1991).
The V-ATPase is thought to have evolved from the FjFq type, H+-transporting 
ATPase (FiF0-ATPase) of eubacteria mitochondria and chloroplasts (Nelson,
1992). The FjFq-ATPase catalyses the synthesis of ATP during oxidative 
phosphorylation. This enzyme is composed of two functionally and structurally 
distinct sectors termed Fj and F0 (figure 3). The Fj sector lies at the surface of the 
membrane and catalyses ATP hydrolysis, while the Fq sector traverses the 
membrane and promotes H+ transport on removal of Fj. When coupled, the two 
sectors function as a reversible, H+ translocating ATPase (Senior, 1988) although 
the isolated Fj has ATPase activity. In its simplest form, the F0 sector is 
composed of three types of subunits, subunit a (31kDa), subunit b (17kDa) and
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Figure 3. Model subunit structure of the F^Fq ATPase.
The F^FqATPase consists of two multisubunit sectors, the cytoplasmic Fj sector 
and the membrane bound Fq sector. The Fj sector consists of five different 
subunits, a,p,6,y, and e, while the Fq sector consists of three different subunits, a, 
b and c. The Fj sector catalyses the synthesis of ATP, and the Fq sector mediates 
the translocation of protons.
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subunit c (8kDa) and in Escherichia coli, these subunits are found in a ratio of 
1:2:10±1 (Foster and Fillingame, 1982). Subunits a and c are both thought to play 
a key role in FQ-mediated H+ translocation (Senior, 1988; Fillingame, 1992).
1.6.4.2. Subunit composition of the V-ATPase complex.
The V-ATPase complex consists of two sectors, a peripheral sector, Vlf that is the 
site of ATP hydrolysis, and a membrane embedded sector, Vq, which mediates the 
translocation of protons across the lipid bilayer (Arai et al., 1988). The overall 
structure of the V-ATPase is similar to that of the FjFq-ATPase. Both Vj and Vq 
are assemblies of a number of different subunits, which are now in the process of 
being defined. The V-ATPase complex has been isolated from a number of 
sources, including Saccharomyces cerevisiae vacuoles and bovine brain clathrin- 
coated vesicles (Kane et al., 1989; Xie and Stone, 1986).
On the basis of co-purification and immunoprecipitations studies, the yeast V- 
ATPase complex appears to be composed of at least nine subunits of molecular 
weight 100-, 69-, 60-, 54-, 42-, 32-,36-, 27-, and 17-kDa (Kane et al., 1989; 
Bauerle et al., 1993). Six of the subunits are part of the peripherally bound Vj 
sector (69-, 60-, 54-, 42-, 32-, and 27-kDa), and the remaining three subunits 
(100-, 36- and 17-kDa) compose the hydrophobic Vq sector (figure 4). In all 
species examined, the multimeric enzyme has at least three subunits in common, 
the equivalent of the 69-, 60-, and 17-kDa polypeptides. The structural genes 
encoding these three subunits have been highly conserved among the various plant, 
animal, and fungal species so far examined, and even exhibit limited homology with 
the corresponding subunits in the FjFq -ATPase. The V-ATPase 69-kDa ATP- 
binding catalytic subunit and the 60-kDa ATP-binding regulatory subunit are 
peripherally associated with the cytoplasmic face of the vacuolar membrane, 
whereas the 17-kDa proteolipid is an integral membrane subunit thought to form 
the proton translocating pore (Kane, 1989; Forgac, 1989; Umemoto, 1990; Noumi,
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Figure 4. Structural model for the yeast V-ATPase.
A) a model illustrating the arrangement of Vj and Vq subunits within the V- 
ATPase complex. B) subunit arrangement of Vj and Vq sectors after separation 
of the two sectors. The Vq sector is not capable of translocating protons after 
separation from the Vj sector, but the Vj sector is still capable of ATP hydrolysis.
A TP------------- >  ADP + P,
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1991). In fact, the 17kDa was found to be the same as ductin, once the amino acid 
sequences for both polypeptides became available and could be compared (Finbow 
et al., 1992). The 69-, 60- and 17-kDa subunits are thought to be present in the 
ratio 3:3:6, with all the other subunits present as a single copy (|Arai et al., 1988).
The yeast system has allowed the previously identified subunit components of the 
V-ATPase complex to be cloned and sequenced. The structural genes encoding 
the 100-kDa polypeptide (VPH1; Manolsen et al., 1992), 69-kDa polypeptide 
(VMA1; Hirata et al., 1990), 60-kDa polypeptide (VMA2; Anraku et al., 1989; 
Nelson et al., 1989; Yamashiro et al., 1990), 42-kDa polypeptide (VMA5; Beltran 
et al., 1992; Ho et al., 1993), 36-kDa polypeptide (VMA6; Bauerle et al., 1993), 
27-kDa polypeptide (VMA4; Foury, 1990), and the 17-kDa proteolipid (VMA3; 
Nelson and Nelson, 1989; Umemoto et al., 1990) have now been isolated. In total, 
14 S. cerevisiae genes have been identified as essential for V-ATPase activity 
(Manolson et al., 1994), implying that a number of non-structural genes are also 
required for V-ATPase activity. In this category is the VMA11 gene product, 
which shows a high degree of homology to the VMA3 gene, but which could not 
be isolated as part of the final active V-ATPase complex (Umemoto et al., 1991). 
Likewise, the VMA12 gene product did not co-isolate as part of the V-ATPase 
complex, but was essential for activity; the absence of Vmal2p destabilised the V0 
sector, and as a consequence the whole complex was affected (Hirata et al., 1993). 
The VMA13 gene product, a 54-kDa polypeptide, is also essential for V-ATPase 
activity (Ho et al., 1993), but unlike the previous two gene products it was 
identified as part of the active V-ATPase complex. The presence of this 
polypeptide in the complex was probably missed in earlier studies since it co- 
migrates with degradation products of the other subunits (Ho et al., 1993).
Mutant alleles have been constructed in yeast by replacing the chromosomal copy 
of each of these genes with the corresponding cloned gene mutagenised in vitro.
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Mutants lacking any one of these vacuolar membrane ATPase (vma) subunits fail 
to acidify the vacuole and display a characteristic set of phenotypes, including 
failure to grow in medium buffered to neutral pH and increased sensitivity to Ca2+ 
in the medium (Nelson and Nelson, 1990). Vacuolar membranes isolated from 
vma mutants exhibit no ATPase activity attributable to the V-ATPase, supporting 
the biochemical assignment of these gene products as subunits of the enzyme or as 
necessary for activity.
One putative subunit of the yeast V-ATPase that does not fit this pattern is the 
STV1 (Similar to VPH1) gene, which encodes an integral membrane polypeptide 
of 102-kDa with 54% identity with the peptide sequence of Vphlp (Manolson et 
al., 1994). STV1 disruptants have no detectable phenotype, but when the gene is 
overexpressed, it can partially compensate for the disrupted VPH1 gene. This 
partial substitution of Vphlp by overexpressed Stvlp is thought to be due to 
mislocalisation of Stvlp to vacuoles where it functionally replaces Vphlp. At 
normal expression levels, Stvlp did not co-localise with Vphlp. These 
observations could be explained if Stvlp, in a similar fashion to Vphlp, targets the 
assembly of common V-ATPase subunits, but to an organelle other than the 
vacuole (Manolson et al., 1994).
It seems likely that an individual cell uses a number of subunit isoforms of the V- 
ATPase complex to provide different organelles with distinct pH environments; 
multiple forms of the 58-kDa (B) subunit of the bovine clathrin-coated vesicle V- 
ATPase have been identified in the same cell line jPuopoloet al., 1992). It has 
also been reported that the V-ATPase isolated from purified bovine kidney brush- 
border membranes differs from the enzyme isolated from kidney microsome 
preparations in several ways, including pH optimum, substrate selectivity, and 
affinity for ATP, all of which may alter the activity of the enzyme in a manner 
which would affect organelle pH (Wang and Gluck 1990). It has been suggested
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that this could be due to isoforms of the B subunit providing the V-ATPase 
complex with differential properties (Puopolo et al., 1992). Two isoforms of the 
116-kDa polypeptide of bovine brain have also been identified, which arise by an 
alternative splice mechanism. The two isoforms exhibited a tissue-specific 
distribution and again, may play a role in altering the V-ATPase activity (Peng et 
al., 1994).
1.6.4.3. Structure of the V-ATPase complex.
Images of the V-ATPase complex from membranes of a number of organelles have 
now been produced by electron microscopy of negatively stained preparations. A 
ball and stalk structure was observed for the V-ATPase of Neurospora crassa 
vacuoles, which superficially resembled the F-type ATPase of mitochondrial 
membranes but appeared to differ from the mitochondrial enzyme in size and in 
structural details (Bowman et al., 1989). The overall similarity between the V- and 
F- type ATPases suggests that some of the high resolution structural details now 
known about the Fj sector (Abrahams et al., 1993,1994) may apply to the Vj 
sector. A more detailed EM. study of the N. crassa V-ATPase indicated the 
presence of a prominent cleft in the peripheral Vj sector (Dschida and Bowman,
1992). This feature was also seen in detached Vj sectors, suggesting that the 
major subunits are held together at the base of the head component in the region 
attached to the stalk. Other distinct features that were observed include a 
prominent stalk and additional basal components. The globular head of the 
enzyme, which contains the ATP binding subunits, appears to be held 6.6nm above 
the surface of the membrane by a stalk that is approximately 3.1nm wide (Dschida 
and Bowman, 1992). One of the most intriguing aspects of the V-ATPase is the 
question of how changes in the ATP binding sites on Vj can be coupled to proton 
movement through a membrane sector which, on a molecular scale, is very far 
away. Vj detached from the membrane contains five different subunits but does
2 8
not appear to have an extended stalk. Thus, the stalk may be composed, at least in 
part, of membrane-associated Vq polypeptides.
1.6.4.4. Assembly of the V-ATPase complex.
The process by which the multi-subunit V-ATPase complex is assembled has been 
studied in both yeast and a bovine epithelial cell line. The availability of yeast 
strains deficient in individual subunits has allowed the process of assembly to be 
studied in their absence. Early work had indicated that most of the other subunits 
of the yeast V-ATPase were still present in mutants lacking one subunit, although 
the remaining subunits often failed to reach their proper intracellular location 
(Noumi et al., 1991; Umemoto et al., 1990; Kane et al., 1992; Ho et al 1993). 
Isolation of partial assemblies from various different subunit deficient strains 
provided information on the steps that lead to the fully assembled complex 
(Doherty and Kane, 1993). Subunits of the Vj sector can assemble in the cytosol 
in the absence of the Vq sector, but require the presence of a core of subunits, the 
69-, 60-, and 27-kDa subunits. In the absence of any one of these three subunits, 
there is no assembly of Vj subunits. In addition, the V0 sector can assemble in the 
absence of the Vj sector, and is still targeted to vacuoles. This suggests that the 
vacuolar targeting determinants reside in the membrane subunits (Doherty and 
Kane, 1993).
The assembly of the V-ATPase complex has also been studied in a bovine kidney 
epithelial cell line, Madin-Darby bovine kidney (MDBK) cells (Myers and Forgac,
1993). Either the Vj sector or the whole complex were immunoprecipitated using 
antibodies directed against the 73-kDa subunit (subunit A) following pulse labelling 
of the cells with 35S. At early time-points after labelling, the Vq subunits appeared 
to be less abundant than the Vj subunits, which suggested that the newly 
synthesised Vj subunits were assembled onto pre-existing Vq sectors. Blockage of 
vesicle transport by Brefeldin A (BFA) did not inhibit the assembly of the V-
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ATPase complex, indicating that the process of assembly probably occurs in the E 
R, prior to distribution of the complex throughout the cell. The assembly of the Vj 
subunits was rapid, followed by the slightly slower association of the completed 
complex with the membrane (Myers and Forgac, 1993).
1.6.5. Evidence that the same ductin polypeptide functions as a V-ATPase, 
gap junction and mediatophore component.
The isolation of ductin from three functionally diverse complexes, the gap junction, 
the V-ATPase complex and the mediatophore raises the question of whether the 
same polypeptide or merely closely related polypeptides are responsible. If the 
former, only a single gene would be expected. Multiple genetic loci for ductin 
were found in man (Hasebe et al., 1992), but only a single genetic locus for ductin 
has been found in Drosophila melanogaster (Finbow et al., 1994). In addition, the 
ductin cDNA from Nephrops and Drosophila can rescue S. cerevisiae defective in 
V-ATPase function, in which the VMA3 gene has been inactivated (Holzenburg et 
al., 1993; Finbow et el., 1994). The single genetic locus in Drosophila and the 
interchangability of ductin between species suggest that the same polypeptide is 
part of the V-ATPase complex and the gap junction, and also presumably the 
mediatophore.
1.7. Structure of ductin.
1.7.1. Introduction.
Ductin has been isolated from a large number of species, and as described above 
there is a remarkable degree of conservation within the amino-acid sequence, even 
between such diverse organisms as yeast, plants and humans (Holzenburg et al.,
1993). The highest degree of homology between the various ductins is in the 
putative transmembrane regions, and in the extramembranous domains that connect 
helices 1 to 2 and 3 to 4 (Figure 6). In fact, the only regions of ductin that do not
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show a strong degree of conservation are at the N- and C- termini, and the 
extramembranous region between helices 2 and 3. The high degree of absolute 
conservation within the transmembrane domains would argue that the residues 
necessary for optimal ductin activity were set early on in the evolution of the 
polypeptide.
The N- and C- terminal halves of ductin have homology with each other and the 
F^q-ATPase subunit c, suggesting the gene encoding ductin arose by gene 
duplication (Mandel et al., 1988). Highest homology is found in the
transmembrane domains, and one conserved residue of note is the acidic aminoacid present in
helix 2 of subunit c and helix 4 of ductin which in both polypeptides is thought to
play a central role in the process of proton translocation and is labelled by
dicyclohexyl carbodiimide (DCCD) (Finbow et al., 1992). The similarity in
sequence and biochemical properties between subunit c and ductin suggests that
the two proteins may in fact have similar roles and structures.
1.7.2.1. Structure of subunit c of the FjFq ATPase.
Subunit c is thought to consist of a hairpin of two a-helical regions, connected by a 
polar loop region (Fillingame, 1992). Evidence for such a structure has come from 
a number of sources, including NMR and mutagenesis. The NMR studies were 
performed on purified subunit c that had been solubilised in a chloroform- 
methanol-water solution (Girvan and Fillingame, 1993). The folding of subunit c 
in this solution is thought to be similar to that found in the native Fq, since subunit 
c retains the ability to react with DCCD at residue Asp61. This reagent abolishes 
H+ translocation in both the FjFo ATPase and the V-ATPase (Hoppe and Sebald,
1984; Arai et al., 1987). The NMR study confirmed that 60-85% of the protein is 
a-helical and that the a-helical regions are present in the membrane traversing 
regions (Girvan and Fillingame, 1993). No structure assignments could be made 
for the polar loop region. The proximity of Ala24 to Asp61 was confirmed when
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the DCCD nitroxide analogue, NCCD, was used to label Asp61 (Girvan and 
Fillingame, 1994). The effect of NCCD labelling was to broaden *H resonances in 
both helix 1 and 2, including Ala24 and Ala25, showing that these two residues lie 
12A from Asp61. The constraints introduced by these distances were used to 
refine a molecular model of subunit c, the basic features of which are the two <x- 
helices that curve slightly around each other at approximately 20°, connected by 
the polar loop region to complete the hairpin structure (Girvan and Fillingame,
1994). One aspect of this model is the clustering of aromatic residues at both ends 
of the transmembrane segments, a feature seen in other membrane proteins which 
may be important in stabilising the segments in the membrane (Weiss et al., 1991).
1.7.2.2. Mutational analysis of subunit c.
The mutational analysis of subunit c has centred on two regions, the residues in 
close proximity to Asp61 and the residues of the polar loop region. H+ 
translocation is abolished when Asp61 is mutated to either Asn or Gly (Hoppe et 
al., 1980,1982; Mosher et al., 1983). Although Asp61 is essential in the process of 
H+ translocation, its function can be replaced in the double mutant 
Ala24Asp/Asp61Gly, though the activity of this double mutant was 4-24% of wild- 
type (Miller et al., 1990). This mutant emphasises the importance of the carboxyl 
group in the middle of the transmembrane region and confirms the close proximity 
of the two transmembrane domains in the hairpin model. Since the double mutant 
did not show wild-type activity, third site suppressor mutants with optimised 
activity were isolated (Fraga et al., 1994). Two types of optimising mutations 
were isolated, either on subunit c or on subunit a. The subunit c mutations 
localised to residues 53-75 of helix 2, and of particular interest were Phe53, Met57 
and Met65. These three residues are thought to line the same face of the helix as 
Asp61, and to form a continuous hydrophobic pocket with Ile28 and Leu31 from 
helix 1 into which Asp61 and Ala24 would extend. The majority of the second set 
of mutations were in residues Ala217, Ile221 and Leu224 of subunit a, which
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suggests a close functional relationship between this region and Asp61 of subunit 
c (Fraga et al., 1994). Efforts to maximise the activity of the Ala24Asp mutant by 
replacing Asp61 with a number of different residues yielded only three active 
mutants, Asp61 Asn/Gly/Ser, which suggests that the packing of residues in this 
region is quite stringent (Zhang and Fillingame, 1994).
A number of mutants have been generated for the polar loop region of subunit c, 
focusing on the conserved residues Arg41-Gln42-Pro43. A common feature of 
mutations to these three residues is the uncoupling of H+ translocation from ATP 
hydrolysis. The first mutant to show the uncoupled phenotype was Gln42Glu 
(Mosher et al., 1985), in which the ability to translocate protons was unaffected, as 
was ATPase activity, but the two properties were not coupled with each other.
The Fq sector from the Gln42Glu mutant was found to bind normally to Fj but this 
in itself was not enough to recouple ATP hydrolysis and proton translocation.
Other mutations have since been generated in Arg41, Gln42 and Pro43. Not all 
the mutations were found to disrupt the function of the FjFq ATPase, such as 
Pro43Ser/Ala and Gln42Gly/Ala/Val, which is surprising in light of the conserved 
nature of these residues ( although they did show some small reduction in activity 
which was related to uncoupling). Another uncoupling mutant has been reported, 
that of the Arg41Lys mutant (Fraga et al., 1994), where again the assembly of the 
Fj and Fq sectors appears to be normal but there is no coupling of ATPase activity 
with proton translocation.
A potential site of interaction for the polar loop within the F  ^sector was identified 
when second site suppressor mutants of Gln42Glu were isolated (Zhang et al.,
1994). Of the four suppressor mutants isolated, all occurred at the same residue in 
subunit e of the Fj sector, at Glu31. Glu31 is in the most conserved region of 
subunit e and lies close to the y subunit. The N-terminal region of subunit e is 
essential for promoting Fj and Fq binding, while the C-terminal region is inessential
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and is close to subunit (3 (Kulki et al., 1988). The second site suppressor mutants 
of Gln42Glu do not prove that a direct interaction occurs between the polar loop 
region of subunit c and the N-terminal region of subunit e, but they do show a 
potential pathway for the coupling of H+ translocation to ATP hydrolysis (Zhang 
et al., 1994). This pathway starts at Asp61 and passes up through the polar loop 
region to subunit s, which connects with subunit y and then on to the a  and |3 
subunits. There is evidence to support the role of subunit e and subunit y in the 
coupling between catalytic sites and proton translocation via changes in the 
conformation of these two subunits (Capaldi et al., 1994).
In summary, the combination of structural work and mutational analysis shows that 
subunit c is composed of a hairpin of transmembrane a-helices connected by a 
single extramembranous loop, which faces the Fj sector. Thought to be of critical 
importance in proton translocation is Glu61, which may form a H+ binding site and 
is consistent with the X-ray diffraction analysis on isolated gap junctions.
1.7.3. The structure of ductin.
Based on the homology between ductin and subunit c the structure of ductin would 
be predicted to consist of two subunit c type helical hairpins i.e. four a-helices, 
with each a-helix connected by a short extramembranous loop region (Tibbits et 
al., 1990). This prediction has indeed been borne out by studies on the structure of 
ductin. The first studies on the structure of ductin were based on the use of 
hydropathy plots of the primary sequence, which showed that ductin has four 
highly hydrophobic regions, each of which is long enough to traverse the lipid 
bilayer as an a-helix (Mandel, et al., 1988: Finbow et al., 1992). The assumption 
that ductin is composed primarily of regions of a-helix has been confirmed using 
Fourier transform infrared spectroscopy (Holzenburg et al., 1993). Using this 
method, ductin was found to have a high a-helical content corresponding to at 
least 60% of the protein. An additional 20% of the protein may be in an extended
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(3-like structure, while the rest of the protein showed no assignable structure. The 
amide IIR spectrum of ductin bears a strong resemblance to that of 
bacteriorhodopsin, which is composed predominantly of transmembrane a-helices 
(Henderson et al., 1990), thus supporting the validity of the assignments made for 
ductin. The spectra of ductin could be measured over a range of temperatures, 
from 15- 95 °C, indicating that the polypeptide is extremely stable with respect to 
heat denaturation (Holzenburg et al., 1993).
The resistance of ductin isolated from the gap junctions of Nephrops norvegicus to 
proteolysis by a number of proteases shows that ductin is highly resistant to 
proteolytic degradation, with no observable change in migration in a SDS-PAGE 
gel following protease treatment (Finbow et al., 1992). This suggests that ductin 
has at most only small regions outwith the protection of the lipid bilayer, and 
indeed only the first few residues of the N-terminus were found to be removed by 
pronase. The a-helical regions of ductin are probably present in the lipid 
environment of the membrane, with only short connecting regions exposed to the 
non-lipid environment.
The EM analysis of ductin isolated from Nephrops norvegicus showed the 
functional unit to be a star-shaped hexamer of protein arranged around a central 
channel which runs perpendicular to the plane of the membrane (Holzenburg et al.,
1993). The central channel is 1.5nm in diameter, while the complex has an overall 
diameter of 7.5nm. The calculated mass of the complex is consistent with the 
assembly of ductin into hexamers. Using the structure of subunit c as a framework 
as well as data from the EM. images, a three dimensional model of the structure of 
ductin has been developed (Finbow et al., 1992). The basic feature of the model is 
the packing of the four a-helices into a tightly packed bundle. The helices are 
arranged sequentially in an anti-parallel fashion tilted at a similar angle with respect 
to each other. Such an arrangement of the proposed a-helical transmembrane
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segment of ductin would be consistent with a tandem repeat of two 8kDa halves, 
because it preserves the symmetry of the location of equivalent helices (i.e. helices 
1 and 3 and helices 2 and 4). It also prevents crossing over of the short 
extramembranous loops. The hexameric assembly present in the connexon of the 
gap junction was generated by symmetrically placing six repeats of the four a-helix 
bundle around a central axis. The estimated dimensions of this model assembly are 
consistent with the observed dimensions of the connexon channel hexamer when 
viewed by electron microscopy (Holzenburg et al., 1993).
The four transmembrane helices were packed so as to minimise the number of non­
hydrophobic residues exposed to the lipid bilayer such that the polar surfaces 
present on all the helices were facing the centre of the four a-helical bundle 
(Finbow et al., 1992). When so arranged, there is a near-continuous hydrophobic 
surface created on the exterior of the bundle. The one exception occurs on the 
outside surface of helix 1, where there are hydrophilic residues passing across the 
lipid bilayer. This region has features in common with the lining of other putative 
transmembrane pores (Unwin, 1989). When helix 1 is placed closest to the axis of 
symmetry of the ductin hexamer there is the potential for a water-filled pore. The 
diameter of such a pore would be 12-14 A, sufficient in size to allow the passage 
of the low molecular solutes associated with passage through the gap junction 
(Finbow et al., 1992). Such a pore is, however, too large to allow selective proton 
transport, which implies that proton selectivity is provided by other subunits or 
other transport sites. An alternative site for the selective transport of protons is the 
centre of the four helical bundle of each ductin monomer. The presence of the 
DCCD reactive glutamic acid within this region makes it an attractive site (Finbow 
et al., 1992).
The model of ductin has been used to predict residues likely to be important in the 
function of ductin, and on the basis of this modifications to ductin have been
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carried out. One strategy that has been used to probe the structure of ductin is the 
chemical modification of single cysteine replacement mutants (Jones et al., 1994). 
Single cysteine residues were placed in three distinct locations, either exposed to 
the lipid bilayer, or facing into the centre of the four helical bundle, or facing into 
the central aqueous channel. Cysteine residues in the centre of the four helical 
bundle were found to be resistant to chemical modification, while residues exposed 
to the lipid bilayer were chemically modified by lipid soluble reagents (Jones et al., 
1995). The cysteine residues facing the central aqueous channel were labelled by 
aqueous soluble reagents. The results obtained from the modification of cysteine 
residues were consistent with the model of ductin's structure and have allowed the 
model to be refined.
1.7.4. Mutagenesis of ductin.
Extensive site specific mutagenesis of the ductin from S. cerevisiae (VMA3) has 
been carried out and a number of inactive polypeptides were obtained (Noumi et 
al., 1991). The conserved glutamic acid in helix 4 was mutated to a number of 
different residues but only the conservative substitution of an aspartic acid was able 
to show any activity, indicating that this residue is sensitive to substitution and 
liable to be important for the activity of ductin. Other residues close to this 
glutamic acid were also found to be sensitive to substitution, such as tyrl42 
(Noumi et al., 1991). Substitution sensitive residues were found throughout the 
polypeptide, some of which were used to isolate second site suppressor mutants, in 
the expectation of identifying regions in close proximity (Supek et al., 1994). The 
suppressor mutants that were isolated seemed to act by compensating for the 
change in volume of the original mutations. One such mutant was vall381eu which 
was rescued by either val55ala, or met59val, or ilel30thr. These second site 
mutants are either on the second or fourth helix, confirming the close proximity of 
these two helices (Supek et al., 1994).
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1.7.5. Orientation of ductin in the lipid bilayer.
The orientation of ductin in the Vq sector is thought to be N- and C- termini 
lumenai, as this is the case for subunit c in the Fq sector (Fraga and Fillingame, 
1989). This orientation would allow the conserved loops between helices 1-2 and 
helices 3-4 to act as the site of subunit association with the Vj sector (Finbow et 
al., 1992). This region, by analogy with subunit c, would be the site of coupling 
between the Vq and Vj sectors and presumably cytoplasmically exposed to 
perform this function.
However, ductin present in the gap junction is thought to be orientated such that 
its N- and C- termini are exposed to the cytoplasm; i.e. opposite to the orientation 
of ductin in the Vq sector of the V-ATPase. Evidence for ductin's orientation in 
the gap junction comes from studies using antipeptide antibodies directed against 
the N-terminus of mouse ductin as well as from protease studies (Finbow et al., 
1993). The protease studies involved the digestion of isolated gap junctional 
plaques with pronase, with the result that only the N-terminal region was cleaved. 
This indicates that the N-terminus is exposed on the cytoplasmic face of the gap 
junctional plaque. The antipeptide antibodies were able to cause the agglutination 
of suspensions of mouse liver gap junctions into large feathery clumps, and the 
agglutination was inhibited by addition of the peptide (Finbow et al., 1993). The 
accessibility of the antigenic site in the intact gap junction suggests that the N- 
terminus of mouse ductin lies on the exposed cytoplasmic face of the gap junction, 
and this is further supported by the observation that when these antipeptide 
antibodies were injected into a cell line, dye coupling was blocked (Finbow et al., 
1993).
When these same antipeptide antibodies were used in binding studies on bovine 
chromaffin granules, a rich source of the vacuolar ATPase, no binding was 
observed. Only after the chromaffin granule membranes were broken was the
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antipeptide antibody able to bind to membrane, indicating that the antigenic site 
was present on the lumenal face of the chromaffin granules (Finbow et al., 1993). 
This result is consistent with the N-terminus of ductin in Vq being lumenal. While 
able to inhibit gap junctional communication the anti-peptide antibodies were 
unable to inhibit ATP hydrolysis or proton pumping by the chromaffin membranes, 
whether they were broken or whole. This discrepancy in the ability of the 
antipeptide antibodies to have an effect on the two transport functions of ductin 
may be a result of their being located in different parts of ductin. The results from 
these studies suggests that ductin has two membrane orientations (figure 5)
(Finbow et al., 1992, 1993). If this is the case then ductin would appear to 
contravene the present dogma concerning the orientation of membrane proteins, 
which holds that membrane proteins have only a single orientation.
I.7.6. Ductin related proteins.
To date, three ductin-related proteins have been isolated from S.cerevisiae, VMA
II, TFP3 and PPA1 (see figure 6). The protein that shows the highest homology 
with ductin is VMA 11, which has a 56.7% amino acid identity and significant 
coincidence (Umemoto et al., 1991). A comparison of the sequence of VMA11 
and ductin indicates that the conserved regions of ductin are also conserved 
between ductin and VMA11 except the extramembranous regions between helices 
1-2 and helices 3-4. A gene product for VMA 11 was not identified by 
biochemical means, although in VMA 77-disrupted cells no active vacuolar ATPase 
was detected. It has been suggested that VMA 11 is somehow involved in the 
assembly of the V-ATPase, but is not necessary for the activity of the final complex 
(Umemoto et al., 1991).
The second ductin-related protein is a truncated version of VMA 11 and is called 
TFP3 (Shih et al., 1988). The TFP3 gene was identified as a result of its ability to 
confer resistance to the drug trifluorperazine, when overexpressed. The
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Figure 5. Proposed orientation of ductin in the gap junction and the V- 
ATPase complex.
The proposed transmembrane disposition of ductin in either the gap junction or 
the V-ATPase is to the left of the schematic models of each complex. The N- and 
C- termini of ductin in the gap junction are exposed on the cytoplasmic face, 
while the N- and C- termini of ductin in the V-ATPase complex are exposed on 
the lumenal face of the membrane.
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polypeptide ends halfway through the third transmembrane domain, and has a 
deletion of seven residues in the first transmembrane region.
The third homologous protein is PPA1, which appears to be essential to the 
viability of cells (Apperson et al., 1990), unlike ductin for which deficiency is 
conditionally lethal. The PPA1 polypeptide has an N-terminal extension and the 
critical glutamic acid is located on the second transmembrane helix rather than on 
the fourth. The homology that the three proteins VMA 11, TFP3 and PPA1, have 
with ductin suggests that they may possess a transport function similar to that of 
ductin.
1.8. Ductin-associated viral proteins: E5 and pl2.
Ductin has been found to complex with a number of short hydrophobic viral 
proteins; the functional significance of these interactions is not, as yet, fully 
understood. The fact that ductin is the target of viral proteins underlines the 
important role that ductin plays in the cell and presumably the viral proteins affect 
the activity of ductin as part of the viral life-cycle. The first viral protein to be 
shown to bind to ductin was the bovine papillomavirus type 1 (BPV1) E5 
oncoprotein (Goldstein and Schlegel, 1990; Goldstein et al., 1991). This short 
polypeptide is 44 amino acids in length has a transforming activity and appears to 
consist of two domains; an N-terminal hydrophobic region which is membrane- 
spanning, and a C-terminal hydrophilic domain, thought to contain the oncogenic 
function of E5 (DiMaio et al., 1986; Horwitz et al., 1988).
The importance of the E5-ductin interaction in the transforming ability of E5 is, as 
yet, unclear. What is known, is that the binding of E5 to ductin is necessary, but 
not sufficient, for transformation (Kulke et al., 1992; Goldstein et al., 1992b).
Most of the work on E5 has been focused on the ability of E5 to activate a number 
of growth factor receptors, such as platelet derived growth factor receptor
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(PDGFR) and epidermal growth factor (EGFR) (Petti et al., 1991; Petti and 
DiMaio, 1992; Cohen et al., 1993; Nilson and DiMaio, 1993; Straight et al., 1994). 
Ductin has been shown to be present in the E5-PDGFR complex, and to bind to 
PDGFR in the absence of E5 (Goldstein et al., 1992a). The function of ductin in 
such a complex is unknown, but may reflect a role for the vacuolar ATPase in the 
process of receptor recycling, where the control of vesicular pH is important 
(Finbow et al., 1991). Alternatively, E5 may target only the gap junction form of 
ductin and thus affect intercellular communication (Angel Alonso, ^Heidelberg; 
unpublished result). Changes in intercellular communication are thought to be 
important in the process of tumour progression, although the relevance of this to 
the normal life-cycle of the papillomavirus is as yet unclear.
The newly identified HTLV-I protein p i2 shows some sequence homology with 
BPVI E5 over certain stretches, and contains a glutamine residue in a putative 
transmembrane region, a property again reminiscent of E5 (Franchini et al., 1993). 
Although pi 2 was unable to induce focus formation, it could dramatically increase, 
in a dose-dependant manner, the transforming ability of E5. The implication of the 
above observations is that p i2 acts in a similar way to E5, possibly through their 
common target protein, ductin. p i2 has been shown to bind to IL-2 (3 and a  
chains (Franchini et al., 1993) though it is not clear whether ductin is present in this 
complex. The overall similarity between E5 and pi 2, with respect to their 
structure, binding to growth factor receptors and binding to ductin suggests that 
they act through a common mechanism which could be mediated by ductin.
1.9. Summary.
The diversity of function that ductin exhibits suggests that ductin plays an 
important role in the life of a cell. This idea is supported by the fact that ductin is a 
target for viral proteins (see above) and that the loss of ductin from Drosophila is
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lethal (Finbow and Kaiser, j  personal communication). Ductin's diversity raises a 
number of questions with regard to how the cell is able to direct the same protein 
to three functionally and locationally diverse complexes. Consequently, it would 
seem important to determine the mechanisms that lead to ductin becoming 
incorporated into the gap junction, the V-ATPase and the mediatophore. The 
likely starting point for this localisation process is the synthesis and membrane 
insertion of ductin, so this would seem a logical place to begin an investigation into 
how ductin becomes part of three different complexes.
One of the outstanding questions posed by previous studies on ductin is how it 
becomes incorporated into the gap junction and the V-ATPase in two opposite 
orientations, that is the N- and C- termini exposed cytoplasmically in the gap 
junction but in the V-ATPase they are exposed to the lumen of the vacuole 
(Finbow et al., 1993). Where the two orientations of ductin are generated could be 
important with respect to how the cell determines the orientation of other 
membrane proteins.
In studying how ductin becomes incorporated into the lipid bilayer it is likely that 
more general questions regarding the insertion of membrane proteins will also be 
answered since ductin is a good model integral membrane protein. So far the 
process of protein translocation through the ER membrane has been investigated 
with either secretory proteins, such as preprolactin (Mothes et al., 1994), or with 
single transmembrane pass proteins, such as VSV G protein (Gorlich and 
Rapoport, 1993). Similar studies have as yet not been extended to polytopic 
membrane proteins of which ductin would be a suitable candidate, not least 
because with regard to at least one property, that of membrane orientation, ductin 
may provide a clearer insight into the processes of membrane insertion than would 
otherwise be possible with the present model proteins used to study the 
translocation process.
Chapter 2. Materials and methods.
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2.1. Materials.
2.1.1 Chemicals.
All chemicals were of "AnalaR" grade and obtained from BDH Chemicals Ltd., 
Poole, Dorset, England or Sigma Chemical Co. Ltd., Poole, Dorset, England, 
except those from the suppliers listed below.
Supplier- Amersham International PLC, Amersham, Bucks, England. 
a [35S]dATP aS [600Ci/mmol] Hybond-ECL
L-[35S] methionine [>1000Ci/mmol]
Supplier- B.R.L.(U.K.), Gibco Ltd., Paisley, Scotland.
All restriction enzymes, T4 DNA ligase and buffer concentrates
were
obtained from BRL except where otherwise indicated.
Supplier- Boehringer Mannheim UK Ltd., Lewes, East Sussex, England. 
Calf intestinal alkaline phosphatase 
DNA molecular weight markers (I-VII)
Supplier- J. Burrough (FAD) Ltd., Witham, Essex, England.
Ethanol
Supplier- Cambridge BioScience, Cambridge, England.
fluorescein maleimide 
Supplier- Central Services, Beatson Institute.
L-broth
Supplier- Difco Labs., Detroit, Michigan, USA.
Bacto-tiyptone Bacto-yeast extract
Bacto-agar Yeast nitrogen base
Supplier- Eastman Kodak Co., Rochester, New York, USA.
Duplicating film X-ray film (XAR-5)
Supplier- Fuji Photo Co. Ltd., Japan
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X-ray film (RX)
Supplier- Gateway PLC, Glasgow, Scotland.
Marvel, dried non-fat milk powder 
Supplier- Gibco Europe, Life Technologies Ltd., Paisley, Scotland.
2.5% Trypsin 
Supplier- ICN Pharmaceuticals Ltd., Thame, England.
Yeast lytic enzyme (Zymolase)
Supplier- Severn Biotech Ltd.
30% acrylamide/0.8% bisacrylamide 
Supplier- Rathbum Chemicals Ltd., Walkerbum, Scotland.
Phenol (water saturated)
Supplier- Whatman International Ltd., Maidstone, England.
3MM chromatography paper
2.1.2. Kits
Supplier- AMS Biotechnology, Witney, England.
mMessage mMachine kit (Sp6 and T7), from Ambion Inc. 
Supplier- Amersham International PLC, Amersham, Bucks., England.
ECL Western Blotting analysis system 
Supplier- Perkin Elmer Cetus, Norwalk, USA.
Gene Amp RNA PCR core kit 
Supplier- Pierce and Warriner, Chester, England.
Micro BCA protein assay reagent 
Supplier- Promega, Southampton, England.
Rabbit reticulocyte lysate systems, nuclease treated 
Canine pancreatic microsomal membranes 
Supplier- Qiagen Ltd, Dorking, England.
Qiagen tip 500 plasmid kit 
Supplier- R&D Systems Europe Ltd., Abingdon, England.
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TA cloning kit, from Invitrogen 
Supplier- United States Biochemical, Ceveland, Ohio, USA.
Sequenase version 2.0
2.1.3. Equipment and Plasticware
Main pieces of equipment are referred to in the appropriate sections.
Plasticware was obtained from the Beatson Institute stores, and the following 
companies are the suppliers of the most commonly used items:
Supplier- Bibby-isterilin Ltd, Stoney, Staffs., England.
Bacteriological dishes (90 mm)
Supplier- Griener Labortechnik Ltd., Dursley, England.
Eppendorf tubes 
Supplier- Labsystems, Basingstoke, England.
Pipette tips (200 and 500 ml)
Supplier- Molecular Bio-Products, San Diego, California.
Aerosol Resistant Tips (20pl, 200pl and lOOOpl)
2.1.4. Plasmids.
pBluescript SK Stratagene, San Diego, USA.
pYES2 Invitrogen
pCRII Invitrogen
pCYS6 0.5kb cys6 cDNA fragment cloned into the
BamHI site of pYES2. A gift from P. Jones, University of Leeds, England.
pCYS25 0.5kb cys25 cDNA fragment cloned into the
BamHI site of pYES2. A gift from P. Jones, University of Leeds, England.
pCYS27 0.5kb cys27 cDNA fragment cloned into the
BamHI site of pYES2. A gift from P. Jones, University of Leeds, England.
pCYS29 0.5kb cys29 cDNA fragment cloned into the
BamHI site of pYES2. A gift from P. Jones, University of Leeds, England.
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pCYS44 0.5kb cys44 cDNA fragment cloned into the
BamHI site of pYES2. A gift from P. Jones, University of Leeds, England.
pBluescript-Nductin 0.5kb Nephrops ductin cDNA fragment
cloned into the BamHI site of pBluescript. A gift from P. McLean, Beatson 
Institute.
2.1.5. Antiserum.
Rabbit anti-nephrops ductin polyclonal (N2)
A gift from Dr. M.E. Finbow, Beatson Institute, Glasgow (Leitch and 
Finbow, 1990).
Sheep anti-rabbit horseradish peroxidase-linked whole antibody 
Amersham International PLC, Amersham, Bucks., England.
2.1.6. Bacterial Host.
Competant E.coli DH5a were obtained from B.R.L., Gibco Ltd.
2.1.7. Yeast culture media and buffers.
YEP medium- 1% yeast extract, 1% peptone and 2% (wt/vol) raffinose.
To induce expression from the pYES2 expression plasmid an additional 2% 
galactose was included. To make YEP plates 2% bactoagar was included. 
Transformed cells were grown on minimal plates containing 0.67% yeast nitrogen 
base, 2% raffinose, 2% bactopeptone 2% bactoagar and supplemented with (10 
pg/ml) histidine, adenine, and tryptophan for vat c cells, or histidine, adenine, 
leucine, and lysine for NUY43 cells.
2.1.8. Water.
Distilled water for solutions was obtained from a Millipore MilliRO 15 
system, and for nucleic acid procedures it was further purified on a Millipore 
MilliQ system.
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2.2. Methods.
2.2.1. Nucleic acid Procedures.
2.2.1.1. Growth, transformation and storage of competent cells.
The competant E.coli strain DH5a, (which is suitable for transformation with 
plasmid DNA) was purchased from B.R.L. and stored at -70°C. Competant DH5a 
cells for transformation were thawed on ice, gently mixed and aliquoted 
20pl/Eppendorf tube. Unused competant cells were refrozen on dry ice before 
returning to the -70°C freezer. To each 20pl of competant cells, lpl of diluted 
ligation mix (see section 2.2.1.3.3.) or plasmid of interest were added and 
incubated for 30 minutes on ice. The DH5a cells were then heat shocked at 42°C 
for 45 seconds and then incubated for 2 minutes on ice, after which 80pl of SOC 
medium (2% bacto-tryptone, 0.5% bacto-yeast extract, 9mM NaCl, 2.5mM KC1, 
lOmM MgC^, 20mM glucose) was added and the cells shaken at 225 rpm for 1 
hour in a 37°C incubator, to allow the expression of the antibiotic resistance 
marker, ampicillin. The DH5a cells were then spread onto agar plates (1.5% agar 
in L-broth) containing lOOpg/ml of ampicillin, and the plates incubated upside 
down at 37°C overnight to allow the formation of colonies. Colonies were picked 
using sterile pipette tips, transferred to a universal container containing 3ml of L- 
broth containing 1 OOpg/ml of ampicillin and incubated for 4-6 hours at 37°C in a 
shaking incubator to enable subsequent plasmid preparations (see section
2.2.1.2.2.) or storage (see below).
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In order to identify colonies of transformed sells that contained exogenous DNA 
inserted into the multiple cloning site within the (3-galactosidase marker of the 
plasmid, transformed DH5a cells were plated on X-gal plates (1.5% agar plates on 
which 20ml of 2% X-gal had been spread prior to plating out). The [3- 
galactosidase marker normally gives rise to a blue colour when cells containing the 
undisrupted parental plasmid are grown in the presence of the chromogenic 
substance X-gal, while cells containing recombinant plasmid with an DNA insert in 
the multiple cloning region causes the disruption of the (3-galactosidase gene and 
gives rise to colourless colonies which can easily be identified and picked for 
further analysis (as described below).
Glycerol stocks for the storage of DH5a cells found to contain the required 
plasmid were prepared by mixing 1ml of DH5a culture with 1ml of 40% glycerol 
and frozen in Eppendorf tubes at -70°C.
2.2.1.2. Preparation of nucleic acids.
2.2.1.2.1. Plasmid minipreparations: alkali lysis method.
Small scale bacterial culture of 2-3ml were grown from a single colony for 6-8 
hours at 37°C with vigorous shaking. 1.5ml of this culture was poured into an 
Eppendorf tube and centrifuged for 30 seconds. The medium was removed and 
the pellet resuspended in 300pl of Solution I (50mM Tris, lOmM EDTA, pH8.0, 
RNase at lOOpg/ml) with vigorous vortexing. 300pl of Solution II (0.2 M NaOH, 
1% SDS) was added, then mixed and left at room temperature for 5 minutes. The 
alkali solution was neutralised with 300pl of Solution III (2.55M KAc, pH4.8) and 
once this was thoroughly mixed it was centrifuged for 15 minutes at 4°C. 800pl of 
the supematent was then transferred to a fresh Eppendorf tube. The plasmid DNA 
was precipitated by adding 600pl of isopropanol before centrifugation for 15 
minutes at room temperature. The supernatant was discarded and the pellet was
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washed in 70% ethanol before being dried. The DNA pellet was resuspended in 
30pl of water and stored at -20°C.
2.2.1.2.2. Large scale plasmid preparations (Qiagen tip 500 plasmid kit).
Bacteria were grown in a 500ml L-broth culture, containing 50pg/mlampicillin, 
overnight at 37°C with shaking. The bacteria were pelleted by centrifugation at 
500rpm for 10 minutes in a Sorval centrifuge (GS-3 rotor). The supernatant was 
removed the pellet was resuspended in 10ml of buffer PI (50mM Tris, lOmM 
EDTA, pH8.0, RNase at lOOpg/ml). Then, 10ml of buffer P2 (0.2 M NaOH, 1% 
SDS) was added and incubated at room temperature for 5 minutes. To this, 10ml 
of buffer P3 (2.55M KAc, pH4.8) was mixed, then incubated on ice for 20 
minutes. The precipitated material was pelleted by centrifugation at 4°C for 30 
minutes at lOOOOrpm in a Sorval centrifuge (HB-4 rotor). The supernatant was 
removed promptly and applied to a Qiagen-tip 500 column that had previously 
been equilibriated with 10ml of buffer QBT (750mM NaCl, 50mM MOPS, 15% 
ethanol, pH7.0, 0.15% Triton X-100). Once the supernatant had passed through 
the column 2x 30ml of buffer QC (1.0M NaCl, 50mM MOPS, 15% ethanol, 
pH7.0) was washed through. The plasmid DNA was eluted off the column by 
passing through 15ml of buffer QF (1.25M NaCl, 50mM MOPS, 15% ethanol, 
pH8.2). The DNA was precipitated with 0.7 volumes of isopropanol, then pelleted 
by centrifugation at lOOOOrpm at 4°C for 30 minutes in a Sorval centrifuge (HB-4 
rotor). The DNA pellet was washed with 70% ethanol and allowed to air dry 
before being redissolved in 500pl of water and stored at -20°C.
2.2.1.2.3. Preparation of total RNA from yeast.
100ml of logarithmically growing yeast cells (OD^qo 1-3) were collected by 
centrifugation at 3000rpm for 5 minutes at 4°C. The pelleted cells were 
resuspended in 10ml of sodium acetate buffer (50mM NaAc, lOmM EDTA, 
pH5.0). To this was added Vio V°110% SDS and 1.2 vol of prewarmed phenol
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(65°C). The sample was incubated at 65°C for 5 minutes with|intermittent short 
vortexing. Subsequently, the sample was cooled down quickly to room 
temperature in a dry ice-ethanol bath. The organic and the aqueous phases were 
separated by centrifugation at 3000rpm for 10 minutes at room temperature. The 
lower organic phase was removed, leaving the interphase and the pellet of 
unbroken cells. The remaining aqueous phase and cell debris was extracted again, 
as described above, with an equal volume of prewarmed phenol (65°C). After 
separation the aqueous phase was transferred to a fresh tube and to this was added 
1 vol. of chloropane (50% phenol, 50 % chloroform and 0.8%
8-hydroxyquinoline), followed by vortexing for 2 minutes and separation of the 
phases by centrifugation. The aqueous phase was transferred to a fresh tube, 1/10 
vol of 3M NaAc (pH5.3) and 3 vol ethanol were added, and the RNA was 
precipitated at -20°C for 2 hours. The precipitated RNA was collected by 
centrifugation at 3000rpm for 15 minutes at 4°C, and the pellet washed with 70% 
ethanol. After being dried the pellet was redissolved in 600ml of water and stored 
at -20°C.
2.2.1.2.4. Preparation of oligonucleotides.
Oligonucleotides were synthesised on an Applied Biosystems model 381A DNA 
synthesiser. The 5' methyl-trityl groups were removed on the machine before the 
oligonucleotides were eluted from the synthesis column by "washing" 5-6x with 
approximately 2ml of concentrated ammonia solution (29%) over a 2-3 hour 
period. The concentrated ammonia solution containing the oligonucleotide was 
then transferred to glass vials, sealed with parafilm (to prevent evaporation of the 
samples) and incubated overnight at 55°C. The deprotected oligonucleotides were 
then ethanol precipitated by adding 0.1 vol 3M Sodium Acetate and 2 vol ethanol, 
incubating for 15 minutes at -70°C and collecting the precipitate by centrifugation. 
The resulting pellets were briefly dried and resuspended in 300pl of water. 2.5pl 
of this solution was used for O.D. analysis (see section 2.2.1.4.4.), from which the
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oligonucleotide concentration was adjusted to the appropriate concentration for 
either sequencing (see section 2.2.1.5.) or PCR (see section 2.2.1.6.) and the 
oligonucleotide solutions were stored at -20°C.
2.2.1.3. Enzymatic manipulation of DNA.
2.2.1.3.1. Restriction digests.
Small quantities of plasmid DNA, typically lpg, were digested using 1-10 units of 
enzyme, (depending on the enzyme used and the number of restriction sites within 
the plasmid) in a total volume of 20pl which was buffered with the appropriate 
buffer concentrates supplied by the manufacturer of the enzyme used. Digests 
were carried out at 37°C for 1-2 hours and were terminated by the addition of */6 
vol of DNA gel loading buffer (0.25% bromophenol blue, 30% glycerol in water). 
Double digests were also performed using a suitable buffer concentrate that 
optimised the activity of both the enzymes; and for larger scale digests the volumes 
used were increased in proportion.
2.2.1.3.2. Dephosphorylation of 5' phosphate groups from plasmid DNA.
The dephosphorylation of 5' phosphate groups from lOpg of linearised plasmid 
DNA in water was performed by incubating the plasmid DNA with 0.1 unit of calf 
intestinal alkaline phosphatase (CIP) in lx CIP buffer (lOx CIP buffer is lOmM 
MgCl2, ImM ZnCl2 , lOmM spermidine, 0.5M Tris, pH 9.0) for 30 minutes at 
37°C. The dephosphorylated linear plasmid DNA was phenol/chloroform 
extracted (see section 2.2.1.4.2.) and ethanol precipitated before being 
resuspended in water. Diluted dephosphorylated linear plasmid DNA was then 
used for ligations.
2.2.1.3.3. Ligation of DNA fragments.
The ligation of dephosphorylated vector (lOOng) and purified insert DNA (2-10 
molar excess) was carried out using T4 DNA ligase (lpl) and 5x ligation buffer
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(2pl; supplied by the manufacturer of the enzyme) and made up to a volume of 
lOpl with water. Reactions were set up on ice and incubated overnight at 12- 
14°C. The ligation mixture was diluted 4-1 Ox prior to being used to transform 
bacteria (see section 2.2.1.1.).
2.2.1.3.4. Agarose gel electrophoresis.
Non-denaturing 1% agarose gels were run to separate DNA fragments. Gels were 
prepared by dissolving lg of agarose in 100ml of lx TBE buffer (5x TBE is 0.45M 
Tris, 0.45 M boric acid, 12.5mM EDTA, pH8.3) by heating until the solution 
boiled and the agarose dissolved. The gel mix was allowed to cool to 
approximately 50°C before ethidium bromide (lOmg/ml) was added to a final 
concentration of 1 jig/ml. The gel was cast and allowed to set at room temperature 
before the comb was removed and the gel placed in the gel tank. Electrophoresis 
was carried out in the same buffer used to form the gel at 100V for 30-60 minutes. 
The DNA samples and DNA standards (Boehringer Mannheim) for electrophoresis 
were mixed with 1/6 vol of DNA gel loading buffer, loaded and resolved by 
electrophoresis. On completion of electrophoresis the size of the DNA fragments 
were assessed by illuminating the gel on a 312nm transilluminator and compared to 
the positions of the DNA standards. A photographic record of the UV illuminated 
gel was taken using a Polariod camera on Polaroid Type 57 high speed film or on 
the video (The Imager, Appligene).
2.2.1.4. Purification and quantitation of nucleic acids.
2.2.1.4.1. "Wizard” DNA purification system (Promega).
DNA fragments were separated on a low melting point agarose gel (see section
2.2.1.3.4.) and the desired band was excised under UV illumination. The excised 
bands were transferred to an Eppendorf tube and incubated at 70°C until the 
agarose was completely melted. 1ml of the resin was then added and mixed 
thoroughly. The resin was loaded into a column and washed with 2ml of 80%
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isopropanol. The DNA was eluted from the column by adding 50pl of water, 
incubating for 1 minute, then spinning the eluted DNA into a fresh Eppendorf tube. 
The purified DNA was stored at -20°C.
2.2.1.4.2. Purification of nucleic acids by phenol/chloroform extraction.
Occasionally it was necessary to purify nucleic acids by extraction with 
phenol/chloroform in order to remove contaminants, such as enzymes which might 
otherwise interfere with subsequent cloning steps. The method used was 
essentially that described by Maniatis et al. (1989) and is as follows:
1) The DNA sample was mixed with an equal volume of 
phenol/chloroform, (freshly prepared from an equal volume of TE pH8.0 saturated 
phenol and chloroform/isoamyl alcohol, 24:1) until an emulsion formed.
2) The phases were separated by centrifugation for 3 minutes in a 
microfuge.
3) The aqueous phase was removed and extracted with an equal volume of 
chloroform/isoamyl alcohol (24:1). The aqueous phase was collected and 
transferred to a fresh Eppendorf tube. The DNA was recovered by ethanol 
precipitation as described below.
2.2.1.4.3. Concentration of nucleic acids.
Ethanol precipitation was used to concentrate DNA as follows:
1) To the aqueous DNA solution Vio V°1 of 3M NaAc pH 5.2 and 2 vol of 
ethanol were added.
2) The sample was then mixed well and the DNA precipitated by chilling - 
20°C for 30 minutes.
3) The precipitated DNA was collected by centrifugation in a microfuge for 
15 minutes.
4) The supematent was discarded, and the pellet washed with 70% ethanol 
and briefly dried before resuspension in water at an appropriate concentration.
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2.2.1.4.4. Quantitation of nucleic acids.
The concentration of nucleic acid in a solution was determined 
spectrophotometrically, by first calibrating the spectrophotometer (Beckman) using 
a water blank and then diluting the samples in water and reading the absorbancy at 
wavelengths 260nm and 280nm in a quartz cuvette with a pathway of 1cm. For 
plasmid and genomic DNA samples an A260 °f 1 was taken to correspond to 
50pg/ml, for oligonucleotides an A260 °f 1 was taken to correspond to 35pg/ml, 
and for RNA an A260 °f 1 was taken to correspond to 40pg/ml.
2.2.1.5. Sequencing of double stranded DNA.
4pg of plasmid DNA in 18pl of water was denatured by the addition of 2pi of 2M 
NaOH/20mM EDTA and incubated for 5 minutes at room temperature. The 
denatured DNA was neutralised by adding 8pl of 5M Ammonium Acetate and 
precipitated by adding 200pl of ethanol and incubating for 15 minutes at -70°C.
The DNA was pelleted by centrifugation in a microfuge for 15 minutes, then 
washed with 70% ethanol and dried. The pellet was resuspended in 7pi of water, 
then 1 pi of oligonucleotide sequencing primer (50ng/ml) and 2pl of "Sequenase" 
reaction buffer (U.S.B.) were added to the denatured DNA solution. The 
sequencing primers were annealed to the denatured DNA by heating to 65°C for 2 
minutes then cooling slowly until below 35°C, then stored on ice. The sequencing 
reactions were then performed using the reagents provided in the "Sequenase" 
version 2.0 (U.S.B.) according to the manufacturers instructions. The terminated, 
labelled fragments were resolved on 6% polyacrylamide denaturing gels 
(containing 42% urea) at 50W for 2-4 hours. The gels were fixed in a solution of 
12% methanol and 10% acetic acid for 30 minutes at room temperature and then 
dried for 1 hour at 80°C under vacuum, before autoradiography overnight at - 
70°C.
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2.2.1.6. Polymerase Chain Reaction (PCR).
PCR amplification was carried out by a method modified from Saiki et al. (1985). 
Double stranded DNA was amplified in a 0.5ml microfuge tube, in a reaction 
volume of lOOpl, containing lOmM Tris-HCl, pH8.3, 50mM KC1, 0.001% (w/v) 
gelatin, 0.2mM of each dNTP, lpM 5' and 3' primers and 2.5 units of Taq DNA 
polymerase. The reaction mix was overlaid with 80pl of mineral oil to prevent 
evaporation. The amplification conditions consisted of 30 cycles; 1) a denaturation 
step of 60 seconds at 94°C, 2) an annealing step of 60 seconds at 55°C, and 3) a 
primer extension step of 30 seconds at 72°C. After the 30th cycle an extended 
extension incubation of 5 minutes at 72°C was carried out to ensure that all 
amplified DNA was double stranded. Vio^1 of the amplified DNA was examined 
by agarose gel electrophoresis (see section 2.2.1.3.4.). The mineral oil was 
extracted by mixing with lOOpl of chloroform and removing the upper aqueous 
layer to a fresh Eppendorf tube.
2.2.1.7. Reverse transcriptase-PCR (RT-PCR) (GeneAmp RNA PCR kit).
RNA was prepared (see section 2.2.1.2.3.) and used as the template for reverse 
transcription and PCR amplification of cDNA. The reaction mix was set up 
according to the manufacturers instructions, to the following final concentrations: 
5mM MgCl2, 50mM KC1, lOmM Tris, pH8.3, ImM of each dNTP, lU/pl RNase 
inhibitor, 2.5p.M oligo d(T)j6, lpl of diluted RNA (<lpg), 2.5U/pl MuLV Reverse 
Transcriptase, and water to a volume of 20pl. The reaction mix was incubated at 
room temperature for 10 minutes to allow primer extension. Then the reaction mix 
was overlaid with 80pl of mineral oil, and heated to 42°C for 15 minutes in a DNA 
thermal cycler. The next step was at 99°C for 5 minutes, followed by a 5 minute 
step at 5°C. Once these steps were complete the reaction mix was prepared for the 
PCR stage. The reaction mix was made to give the following final concentrations: 
2mM MgCl2, 50mM KC1, lOmM Tris, pH8.3, 2.5U/100pl AmpliTaq DNA 
polymerase, 0.15pM 5' and 3' primers, and made up to lOOpl with water. This
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reaction mix was placed in a DNA thermal cycler with the following cycle: an 
initial step of 120 seconds at 95°C followed by 35 cycles of 60 seconds at 95°C 
and 60 seconds at 60°C. The final step is 7 minutes at 72°C to allow full 
extension. Vjoth of the PCR DNA product was run on an agarose gel (see section
2.2.1.3.4.) and visualised under UV illumination.
2.2.1.8. In vitro RNA transcription
In vitro transcribed capped RNA was synthesised using the mMessage mMachine 
kit (Ambion). lpg of DNA, either linearised plasmid (see section 2.2.1.3.1.) or 
purified PCR product, was added to the transcription reaction mix, according to 
the manufacturers instructions. The reaction mix was incubated at 37°C for 1 
hour, then lp l of RNase-free DNase (2U/pl) was added and incubated for 15 
minutes at 37°C. The capped RNA was recovered by adding 30pl of RNase-free 
water and 25pi of lithium chloride precipitation solution. The reaction was mixed 
thoroughly, then chilled for 30 minutes at -20°C. The precipitated RNA was 
pelleted by centrifugation in a microfuge for 15 minutes. The supematent was 
removed and the pellet washed with 70% ethanol, then dried. The pellet was 
resuspended in 20pl of RNase-free water and stored at -70°C.
2.2.2. Protein procedures.
2.2.2.1. Protein preparation.
2.2.2.1.1. Polyacrylamide slab gel analysis of proteins.
Protein samples were resolved according to their molecular weight using sodium 
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). 15cm gels were 
used (Atto), containing gels of varying polyacrylamide content, depending on the 
molecular weight of the protein being resolved, but typically 12.5% gels were used. 
For a single 15cm gel of 12.5% the following solutions were prepared:
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30% acrylamide/ 0.8% bisacrylamide (Severn Biotech Ltd.) 10ml
Running buffer (1.5M Tris, 4% SDS, pH8.9) 6ml
water 8ml
10% ammonium persulphate (freshly prepared) 200pl
TEMED lOpl
This resolving gel mix was poured between a sandwich of two glass plates 
sealed on three sides with a gasket, then overlaid with isopropanol and left to 
polymerise at room temperature. Once set, the isopropanol was removed using 
Whatman 3MM filter paper and the stacking gel mix added along with the comb.
The stacking gel was prepared as follows:
30% acrylamide/ 0.8% bisacrylamide 2ml
Stacking buffer (0.5M Tris, 4%SDS, pH6.7) 3ml
water 7 ml
10% ammonium persulphate(freshly prepared) lOOpil
TEMED 5pl
Once the stacking gel had polymerised the whole gel was transferred to an 
electrophoresis tank. The tank reservoirs were then filled with Tris-glycine 
elctrophoresis buffer (50mM Tris, 50mM glycine and 1% SDS in water). After 
removal of the combs, the wells were flushed out with electrophoresis buffer to 
remove any excess stacking buffer.
Prior to loading, protein samples had an equal volume of 2x SDS gel 
loading buffer added (4% SDS, 0.2% bromophenol blue, 20% glycerol and 
lOOmM Tris, pH6.8). The protein samples were not boiled and 1% |3- 
mercaptoethanol was added when necessary. The prepared protein samples were 
then loaded into the gel and resolved by electrophoresis at a constant current 
30mA/gel for 2-3 hours. Once the dye front had reached the bottom of the gel, it 
was removed and either fixed in 10% methanol and 12% acetic acid for 1 hour, or 
used for western analysis (see section 2.2.2.1.2.). The fixed gel was dried under 
vacuum prior to autoradiography at -70°C.
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2.2.2.1.2. Western analysis.
Protein samples were prepared (see section 2.2.2.4.) and resolved by SDS-PAGE 
(see section 2.2.2.1.1.). The gel was removed from the electrophoresis tank, then 
excess gel was cut away. The dimensions of the remaining gel was measured and 
12 pieces of Whatman 3MM filter paper were cut to an equal size, as was one 
piece of nitrocellulose (ECL-hybond). The transfer of the protein samples from the 
gel to the nitrocellulose was performed on a Biotech semi-dry electroblotter, set up 
as follows:
1) 6 pieces of the cut filter paper were wetted in Anode solution 1 (0.3M 
Tris, 20% methanol, pH10.4), then placed on the anode plate.
2) 3 pieces of the cut filter paper were wetted in Anode solution 2 (25mM 
Tris, 20% methanol, pH 10.4), and placed on top of the first layer of filter paper.
3) The piece of cut nitrocellulose was wetted in distilled water and placed 
directly onto the gel. The nitrocellulose and gel were placed on top of the filter 
papers with the gel uppermost.
4) On top of the gel was placed 3 more pieces of the cut filter paper that 
had been wetted in Cathode solution (40mM 6-amino-n-hexanoic acid, 20% 
methanol, pH7.2).
5) this assembly of filters was coverd with the cathode plate and the 
electroblotting performed at a current of 0.8mA/cm2 for 1 hour.
Once the transfer was complete, the nitrocellulose filter was blocked by 
shaking in 100ml of wash buffer (WB) (lOx WB: 0.9%NaCl, lOmM Tris-HCl, 
pH7.4) containing 5% Marvel for 1 hour at room temperature. The nitrocellulose 
filter was washed in WB containing 0.1% Tween-20 for 2-3x 10 minutes. The 
filter was then incubated with the primary antibody diluted to the appropriate 
concentration in WB, for 1-4 hours at room temperature. After this the 
nitrocellulose filter was washed for 3x 10 minutes in WB containing 0.1% Tween- 
20. The anti-rabbit horseradish peroxidase secondary antibody was diluted 1:1000
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in WB containing 0.1% Tween-20, then incubated with the nitrocellulose filter for 
1 hour at room temperature. The final wash step was at least for 3x 15 minutes 
with WB containing 0.1% Tween-20 at room temperature. The detection step 
consisted of incubating the filter in an equal volume of ECL detection reagents 1 
and 2 for 1 minute at room temperature. The excess detection solution was 
drained off the nitrocellulose filter and this was then wrapped in Saran wrap. The 
chemiluminescent signal was detected using X-ray film (Fugi-XR) during 
exposures of between 1 second and 20 minutes.
2.2.2.1.3. Protein assay.
The Micro BCA Protein assay kit (Pierce and Warriner) was used to 
spectrometrically determine the protein concentration of dilute solutions. The 
manufacturers instructions were followed and are summarised as follows: The 
BCA reagent was made by adding 200pl of reagent C (4% cupric sulphate 
pentahydrate) to 4.8ml of reagent B (4% bicinchoninic acid, (BCA)), then 5ml of 
reagent A was added. 5pi of the protein solution was made up to 20pl with water, 
then 20pl of 1% SDS was added, after which 460pl of water was added. To this 
diluted sample 500pl of the BCA reagent was added and after shaking, was 
incubated for 60 minutes at 60°C. The O.D. at 562nm was measured on a 
spectrophotometer, and the protein concentration calculated from a standard 
graph.
2.2.2.1.4. Immunoprecipitation
Samples were immunoprecipitated (IP) by first solubilising lOpl of translation 
reaction mixture in 200pl of RIPA buffer (25mM Tris-HCl pH 7.4,150mM NaCl, 
0.1% SDS, 0.5% DOC, 0.5% Triton X-100, lpg/ml aprotinin). Rabbit polyclonal 
antiserum to Nephrops gap junctions (N2) at 1:100 dilution was then added and 
incubated at 4°C for lh with agitation. lOpl of a Protein A sepharose bead 
(Sigma) slurry in phosphate buffered solution (PBS) was subsequently added,
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followed by a further incubation at 4°C for lh with agitation. The beads were 
collected by centrifugation and washed three times in 200pl of RIPA buffer.
Bound protein was stripped off the beads by resuspending the beads in lOpl of 2x 
SDS-PAGE loading buffer.
2.2.2.1.5. Alkali extraction of microsomal membranes
The Na2CC>3 extraction was performed on microsomal membranes that had been 
pelleted using a Beckman Benchtop Ultracentrifuge at 50000 rpm for 1 hour. The 
pellet was resuspended in 200pl of lOOmM Na2C03, pH 11.5 and incubated at 
4°C for 1 h. The membrane fraction was separated from the carbonate releasable 
fraction by recentrifugation and the pellet fraction resuspended in MP buffer,
2.2.2.1.6. Proteolysis reactions
Following translation, the reactions were cooled on ice, and tetracaine HC1 was 
added to a final concentration of 2mM to stabilise the membranes. Trypsin digest 
were carried out using 2.5% Gibco BRL as a stock solution. Prior to the digest 
the trypsin was diluted lOx in PBS. lp.1 of this diluted trypsin solution was added 
per lOpl of translation mix. Digests were carried out on ice for the times 
indicated. The proteolysis was stopped by either adding 200pl of RIPA buffer, if 
the samples were to be immunoprecipitated (see section 2.2.2.1.4.), or by adding 
150pl of MP buffer containing aprotinin to a final concentration of lpg/ml. Once 
the MP buffer was added, the microsomes were separated from the reaction mix by 
ultracentrifugation at 50000rpm for 60 minutes at 4°C. The pellet was 
resuspended in an equal volume of MP buffer then analysed by SDS-PAGE.
Rhodopsin was digested using endoproteinase glu-C (Boehringer) added to lOpl of 
translation mix for 60 minutes at room temperature at a final concentration of 0.01 
mg/ml. The digestion mixtures were loaded immediately onto a 12.5% SDS- 
PAGE gel after addition of SDS loading buffer.
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2.2.2.2. In vitro translation
In vitro transcribed RNA (see section 2.2.1.8.) was translated in vitro using the 
rabbit reticulocyte lysate system from Promega, according to the manufacturers 
instructions. The following components were mixed on ice in an Eppendorf tube:
The reaction mix was incubated at 30°C for 60 minutes. The reaction mix was 
then analysed either by SDS-PAGE (see section 2.2.2.1.1.) or was used for further 
procudures.
2.2.2.3. Chemical modification of cysteine residues
The cysteine specific maleimide reagent, fluorescein-5-maleimide (FM), was 
purchased from Cambridge BioScience. The FM was prepared in 
dimethylformamide to a stock concentration of 0.25M and stored at -20°C. Prior 
to each cysteine labelling reaction 7.5pl of the stock FM was diluted into 500pl of 
MP buffer to give a 3.75mM FM solution. To 12.5pl of translation mix, varying 
volumes of the 3.75mM FM solution were added to give the desired final 
concentration of FM after being made up to 104pl with MP buffer. The reaction 
mix was incubated at 30°C for 60 minutes, then stopped by adding (3- 
mercaptoethanol to a final concentration of 1%. The microsomes were separated 
from the reaction mix by ultracentrifugation at 50000rpm for 60 minutes at 4°C. 
The pellet fraction was resuspended in 12.5pl of MP buffer and 2x SDS loading 
buffer. The labelled polypeptides were visualised by 12.5% SDS-PAGE, followed 
by autoradiography.
Nuclease treated rabbit reticulocyt lysate 17.5pl
ImM amino acid mixture (minus methionine) 0.5pl 
[35S] methionine (>1000 Ci/mmol) at lOmCi/ml 2.0pil
RNase-free water
Microsomal membranes (Promega)
RNA substrate (1 -2 pg)
l.Opl
2.0pl
2.0pl
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2.2.2.4. Preparation of vacuolar membranes (based on Guthrie and Fink,
11 of yeast cells were grown to mid-log phase and collected by centrifugation at 
5000rpm for 5 minutes. The cells were resuspended in 100ml of 1M sorbitol and 
400pl of p-mercaptoethanol. 4 units of ICN yeast lytic enzyme/ml of suspension 
was added, and the suspension was then incubated for 4 hours at 30°C with 
shaking. The spheroplasts were collected by centrifugation at 3000rpm for 5 
minutes at 4°C. The pellet was resuspended in 20ml of buffer A (lOmM 
MES/Tris, pH6.9, 0.1 mM MgC^, 12% Ficoll 400) and homogenised at 4°C. The 
cell debris was spun out at 3000rpm for 10 miutes at 4°C, and the supematent 
transferred to a polyallomer tube of appropriate size for a Beckman SW28 rotor. 
The sample was carefully overlaid with 13ml of buffer A and centrifuged at 60000g 
for 30 minutes. The white wafer floating on top of the Ficoll was collected and 
homogenised in 6ml of buffer A. This suspension was transferred to a polyallomer 
tube appropriate for a Beckman SW40 Ti rotor, then overlaid with 6ml of buffer B 
(lOmM MES/Tris, pH6.9, 0.5mM MgC^, 8% Ficoll) and centrifuged at 60000g 
for 30 minutes at 4°C. The white wafer floating on the top of the Ficoll was 
collected and resuspended in 200pl of 2x buffer C (lOmM MES/Tris, pH6.9, 5mM 
MgC^, 25mM KC1). The vacuolar vesicles were homogenised, then an equal 
volume of lx buffer C was added. The vacuolar vesicles were stored in 10% 
glycerol at -70°C. All solutions were made containing O.lmM PMSF.
2.2.2.5. Vacuolar-ATPase assay.
The following solutions were mixed in an Eppendorf tube:
1991)
25mM ATP 25 pi 
25pl 
125pl 
75pl
vacuolar vesicles
2x buffer C
water
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ethanol with or w/o DCCD 5pl 
This reaction mix was incubated for 1 hour at 37°C before 0.75ml of Phosphate 
reagent (0.5% SDS, 0.5% ammonium molybdate, 0.1% ascorbate and 2% 
sulphuric acid) was added. The blue colour was allowed to develop for 10 minutes 
before the OD was measured at 830nm.
2.3. PCR constructs
The Nductin-p lac DNA was constructed using PCR methodology (figure 19).
Two overlapping PCR products were first prepared, 77J?o/ductin and p-lacterm. 
775?o/ductin contained a T7 polymerase site, the ORF for Nephrops ductin and an 
overlap with the second PCR product. This was generated with the standard 
primer oligonucleotide for pBluescript (5'-GTTTTCCCAGTCACGAC) which is 5' 
of the T7 polymerase site in this vector, and a reverse primer oligonucleotide (5' 
GTGAGCAAAAACAGGAAGGCTGGAGGTCTTGGTG) which the encoded the 
5 C-terminal residues of Nephrops ductin plus one extra base (underlined), and 
residues 18 to 23 of p-lactamase (Esherichia coll), fi-l&cterm was generated using 
the complimentary oligonucleotide to the reverse oligonucleotide used to generate 
77/?o/ductin (5' CACCAAGACCTCCAGCCTTCCTGTTTTTGCTCAC). and a 
reverse oligonucleotide primer (5'
GCGAGCTCGTTTACCCGGCGTCAACACGGG) which encoded residues 80 to 
85 plus two extra bases together with an in-frame termination codon (underlined) 
and Xho 1 restriction site. After "Wizard" spin column purification (Promega) of 
the PCR products, they were hybridised and used as a template for PCR to 
generate Nductin-p lac DNA using the standard primer olignucleotide with the 
reverse olignucleotide used to generate p-lacterm.
The VMA11 gene was cloned by PCR from yeast genomic DNA (Promega) into 
the TA cloning vector (Invitrogen) with the following oligos, 5'
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CCGGATCCGTAAACATGTCAACGCAACTCG {VMAU-5' BamHl) and 3’ 
CGACTCGAGATCAACTTTTGACTCATTCAG (VMA11-3'Xhot) (table 2).
The N-terminal mutants were constructed by PCR using the same] oligonucleotides as were 
used for Nductin-p lac except for the 5' oligo, which contained a T7 promoter site 
upstream of the ATG start site, and were as follows; NductinAA-p lac, 5' 
GGATCCTAATACGACTCACTATAAGGAGGCTCAAAATGTCTGCAGCGG 
GTAGTCCT, and NductinKK-p lac, 5'
GGATCCTA AT ACG ACTCACT AT AGGGAGGCTCA A A ATGTCT A A A AAGG 
GTAGTCCT. The initiation ATG sequence is shown in bold and the underlined 
sequences are the sites of glutamic acid substitutions. The PCR products were 
used directly without purification, for in vitro transcription. The single cysteine 
replacement mutants cys6, cys25, cys27, cys29 and cys44 were obtained from Dr.
P. Jones, Leeds University. A T7 RNA polymerase site was placed immediately 
upstream of the ATG codon by a PCR based strategy using the oligos 77 Nductin 
and Nductin 3' antisense (table 8). The PCR product was used directly for the in 
vitro transcription of capped RNA.
2.4. Transformation of yeast
Yeast cells were transformed according to the method described by Elble, (1992), 
which was based on a modified lithium acetate procedure. 0.5ml of yeast culture 
was pelleted by a 30 second spin in a microcentrifuge and the supematent was 
removed, lpg of transforming DNA was mixed into the pellet of yeast cells.
0.5ml of PLATE (40% PEG 4000, 0.1M LiAc, 0.01M Tris-HCl, pH7.5, and ImM 
EDTA) was added and mixed with the yeast cell pellet. The samples were 
incubated overnight at room temperature, then spread directly onto selective plates 
(see section 2.1.7.). The bottom lOOpl of the overnight mixture, which contained 
most of the yeast cells that had settled, was spread on the plates.
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Chapter 3. Results.
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3.1. Introduction
One of the aims of this thesis is to establish the importance of the conserved loop 
regions between the putative transmembrane helices 1 & 2 and 3 & 4 for the 
activity of ductin in the V-ATPase complex. These regions have been proposed to 
be exposed on the cytoplasmic face of the membrane and act as possible sites of 
interaction with the other subunits of the V-ATPase (Finbow et al., 1992). This 
proposal stems from the high conservation of these loops and from the known 
orientation of the Fq subunit c (Fraga and Fillingame, 1989). In addition, N- 
terminally directed antibodies to ductin bind preferentially to the lumenal surface of 
chromaffin granular membranes, consistent with this orientation. Therefore, 
changing residues in these loop regions would be expected to cause a disruption in 
the activity of ductin and hence the V-ATPase. However, as reviewed in the 
Introduction, there is direct evidence based upon proteinase and immunological 
studies for the N-terminus of ductin being cytoplasmic when part of the gap 
junction (Finbow et al., 1993). That is, the ductin polypeptide has the opposite 
orientation in gap junctions from that of the ductin polypeptide in the Vq sector. 
This would allow the conserved loop regions to act as the site of contact between 
the apposing connexons of the gap junction, and in so doing they would play an 
important role in both the V-ATPase and the gap junction.
A second aim of this thesis is to identify the mechanism of insertion of ductin; is it 
through the standard ER machinery or is it by some other mechanism? The 
insertion of integral membrane proteins is thought to occur using the same 
machinery that has been identified previously as being responsible for the 
translocation of secretory proteins across the ER membrane. Single 
transmembrane pass proteins of either orientation also use the Sec61 complex as 
their means of insertion into the lipid bilayer (Gorlich and Rapoport, 1993). 
Regardless of the number of transmembrane passes, integral membrane proteins are
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generally thought to use the same insertion machinery and to have only a single 
orientation.
If ductin does have two orientations in the membrane the question arises of how 
and where this occurs. Since ductin does not appear to fit in with the general 
assumption about membrane proteins having a single orientation, then it cannot be 
assumed that ductin is inserted into the lipid bilayer using the general translocation 
machinery of the ER. It could be that ductin may utilise some post-translational 
insertion mechanism, as appears to be the case for synaptobrevin (Kutay et al., 
1995), to facilitate its insertion with two orientations into the lipid bilayer. Such a 
mechanism could be based on, for example, the chaperone family of proteins. 
Alternatively, ductin could be inserted into the membrane using the ER machinery 
but in a single orientation and subsequently undergo some mechanism, such as 
asymmetric membrane fusion, that results in the generation of the second 
orientation.
A third aim of this thesis is to investigate the process of self-assembly for ductin. 
Once ductin has been inserted into the membrane it must undergo an assembly 
process that eventually leads to either the final gap junction complex or the final V- 
ATPase complex. In the case of the gap junction only ductin has so far been 
identified as a constituent protein of the connexon channel, so at the very least 
ductin is capable of self-assembly into the hexameric connexon, which may then 
undergo further assembly into the final gap junction complex. For the V-ATPase 
there are at least 8 different subunits present in the final complex (Kane et al.,
1989) and the six ductin polypeptides present in the V-ATPase must be assembled 
with the other subunits into the final complex.
To pursue the aims of this thesis two systems were used, a yeast expression 
system, and an in vitro translation system. The yeast expression system is based on
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strains of S. cerevisiae that are deficient in either ductin or VMA11, leading to the 
vma phenotype. The main characteristic of this phenotype is a restricted pH 
growth range, vma cells grow at pH 5.5 but not at pH 7.5 (Nelson and Nelson,
1990). The growth at pH 7.5 of the deficient strains can be restored by 
transforming the cells with an expression plasmid containing the missing protein. 
This allows mutated forms of ductin or VMA11 to be tested for activity by 
introducing the mutant forms into the appropriate deficient strain of yeast and 
testing for growth at pH 7.5. The benefit of this system is that it allows the effect 
of mutations to either ductin or VMA 11 to be tested for their effect on the activity 
of the V-ATPase. The assay itself, comparing the growth of the transformed cells 
at either pH 5.5 or pH 7.5 is simple and quick to perform.
The in vitro translation system is a cell-free system that allows the translation of 
individual RNA species. Since the proteins being expressed using this system are 
membrane proteins, the translation system can be supplemented with microsomal 
membranes to allow the integration of the membrane proteins into a lipid bilayer 
and thus act as a model for the insertion of membrane proteins into the lipid 
bilayer. This cell-free system has been used previously for other integral membrane 
proteins, such as the aquaporin, nodulin 26 (Miao et al., 1992), to study the 
topology of these proteins. Results obtained using this system have been 
reproduced with alternative systems, as was the case for the hepatitis B virus large 
envelope protein (Bruss et al., 1994; Ostapchuk et al., 1994).
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3.2. Expression of chimeric forms of ductin in S. cerevisiae.
3.2.1. Introduction
The conserved extramembranous loops between the putative transmembrane 
helices 1 & 2 and 3 & 4 (from now on referred to as helices 1-2 and 3-4) of ductin 
are thought to be the sites of interaction between the apposing connexons of the 
gap junction and the interface between the V q and Vj  sectors of the V-ATPase. 
The analogous loop region of the F-type subunit c is also conserved, and has been 
shown to be important in connecting the translocation of protons in Fq with ATP 
hydrolysis in F] (Mosher et al., 1985) (see section 1.7.2.2.). This would seem to 
indicate that the loop regions are potentially important for the activity of ductin. 
Previous site-directed mutagenesis studies in this region of ductin (Noumi et al.,
1991) showed that the activity of ductin was not affected by single amino acid 
substitutions, except for the change R117A, in the 3-4 loop region, which 
produced an inactive form of ductin.
Although VMA11 is homologous (70% identity) to ductin, the activity of the two 
gene products is not interchangeable (Umemoto et al., 1991). From a sequence 
comparison of ductin and VMA11 (figure 6) a striking difference is seen in the 1-2 
and 3-4 loop regions, in which this region in VMA11 deviates from the general 
conservation of residues that is seen over the rest of the amino acid sequence. 
Exchanging these regions, singly or in combination, between VMA11 and ductin 
thus provides an approach to understand the importance of the two loops in ductin 
activity in the V-ATPase. Such experiments also provide a strategy to identify the 
role of the VMA11 polypeptide. In addition, it would be expected that the 
chimeric polypeptides would still be capable of the proper folding since the 
exchanged loop regions will be present in the same context as before. The ductin 
and VMA11 activity of the resulting chimeras were tested by expressing them in 
the yeast expression system outlined above, using the yeast strains listed in table 1.
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Figure 6. Sequence alignment of 16-kDa proteins.
The sequences are aligned on proline residues of the extramembranous loops 
between helices 1 & 2 and helices 3 & 4 as shown in Figures 7 and 11 in Finbow 
et al (1992). The 16-kDa protein sequences shown are the N-terminal half 
(denoted by "-N") and C-terminal half (denoted by "-C") of Nephrops (Ne), 
Drosophila melanogaster (Dr), bovine (Bo), murine (Mo), human (Hu), Torpedo 
californica (Tp), S. cerevisiae VMA3 (Yt-N), S. cerevisiae VMA11 (Yt-N*), S. 
cerevisiae TFP3 (TFP3) and S. cerevisiae PPA1 (Yp-N). Sequences are taken 
from Apperson et al., 1990; Birmani et al, 1990; Finbow et al, 1992; Gillespie et 
al, 1991; Goldstein et al, 1991; Mandel et al, 1988; Nelson and Nelson, 1990;
Shih et al., 1988; Umemoto et al, 1991). Dashes correspond to identities to the 
top sequence (Nephrops) and dots show insertions (modified from Holzenburg et 
al., 1993). The boxed regions correspond to the conserved extramembranous loop 
regions referred to in the text.
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Table 1. Genotype of S. cerevisiae strains, NUY43 and vat c.
The parental strains for NUY43 and vat c are in brackets.
strain genotype
NUY43 (YPH 500) 
vatc (W303-1B)
MATa leu2 lys2 trpl ade2 his3 
ura3 TRPl::vmall
MATa leu2 trpl ade2 his3 ura3 
LEU2::vma3
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3.2.2. Cloning of VMA11 cDNA
Firstly, for these experiments it was necessary to obtain the VMA11 gene. To do 
this the cDNA of the VMA11 gene was cloned by PCR, using S. cerevisiae 
genomic DNA (Promega) as the template. The oligonucleotides used (table 2) 
were directed against the 5' and 3' ends of VMA11 and covered the start and stop 
codons, respectively. After the PCR step a single band of ~500bp was produced, 
which was cloned using the TA cloning kit (Invitrogen). The VMA11 gene was 
then subcloned into the pYES2 expression vector (Invitrogen) using the BamHl 
and Xho I  restriction sites that were present in the oligonucleotides used in the 
PCR reaction. The subcloned VMA11 gene was sequenced (figure 7) and found 
to be identical to that of the reported sequence (Umemoto et al., 1991).
3.2.3. Characterisation of the vat c and NUY43 yeast strains
For these experiments, appropriate "knock out" strains of S. cerevisiae were 
obtained. The vat c strain (VMA3') was obtained from N. Nelson (Roche Institute, 
Nutley, NJ) and the NUY43 strain (VMA11') was obtained from Y. Anaraku 
(University of Tokyo, Tokyo) (table 1). In the vat c strain the VMA3 gene (which 
codes for ductin) is disrupted by the insertion of the Leu2 gene, while in the 
NUY43 strain the VMA11 gene is disrupted by the trpl gene. The growth of these 
strains on full media plates was tested at both pH 5.5 and pH 7.5, and for both 
strains growth was restricted to the pH 5.5 plates (table 4), as has been previously 
described (Nelson and Nelson, 1990).
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Table 2. Nucleotide sequence of flanking primers.
Flanking primers
Nductin-5’ BamHh
5' CCGGATCCCTCAAAATGTCTGAAGAGGGTAG 3' 
Nductin-3' Xhoh
5' CCCTCCGAGTCCATTTAGCTGGAGGTCTTGG 3' 
VMAll-5'BamHI:
5' CCGGATCCGTAAACATGTCAACGCAACTCG 3' 
VMA11-3' Xhoh
5’ CGACTCGAGATCAACTTTTGACTCATTCAG 3'
|5-lac 3 'anti:
5’ GCGAGCTCGTTTACCCGGCGTCAACACGGG 3'
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Figure 7. Partial sequence of PCR cloned VMA11 cDNA.
The sequencing was performed on the pYES2 vector containing the VMA11 
cDNA subcloned from the pCRII vector and for 1) a primer specific for 
downstream of the multiple cloning site was used, so as to read into the 3' end of 
the cloned cDNA. The sequencing of 2) was performed using a primer specific 
for upstream of the multiple cloning site, so as to read into the 5' end of the 
cloned cDNA. The deduced sequence for both is shown below for each, and in 
both cases is identical to the published sequence of Umemoto et al., 1991.
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Table 4. pH growth characteristics of Nductin, VMA11 and the loop 
chimeras.
Growth at pH 7.5 was assayed for vat c and NUY43 strains of S. cerevisiae after 
transformation with cDNA coding for Nductin, the loop chimeras (1-2, 3-4 and 1- 
2/3-4), and VMA11 in the pYES2 yeast expression vector. YPD agar plates were 
supplemented with 2% galactose to induce expression from pYES2.
cDNA Growth at pH 7.5
vat c NUY43
Nductin + -
1-2 loop + -
3-4 loop - -
1-2/3-4 loop - -
VMA11 - +
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3.2.4. Expression of Nductin and VMA11 in yeast
The cDNA for the Nephrops ductin (Nductin) was used in these experiments 
instead of the endogenous form of yeast ductin, VMA3, because antibodies are 
available to Nductin, and Nductin has been shown to incorporate into a fully active 
yeast V-ATPase complex (Holzenburg et al., 1993). In addition, the majority of 
the structural work on ductin has been performed on Nductin. Nductin and 
VMA11 were cloned into the pYES2 expression vector, which contains the 
selectable marker gene Ura3, allowing transformed cells to be selected. In 
addition, the transcription of the inserted DNA is under control of the galactose 
inducible GAL4 promoter. The expression vectors were transformed into the vat c 
and NUY43 cells and transformed colonies were selected for on the appropriate 
selection plates. The sensitivity to pH of the transformed cells was then tested by 
growing them at either pH 5.5 or pH 7.5 on full media plates in the presence of 
glucose and galactose. The Nductin expressing vat c cells were able to grow at 
both pH values, as were the VMA11 expressing NUY43 cells (figure 11 and table 
4). In contrast, the VMA11 expressing vat c cells grew only at pH 5.5, as was the 
case for the Nductin expressing NUY43 cells (table 4). These results were 
expected from the previous expression studies using the above strains and proteins, 
and in addition confirm that the PCR cloned VMA11 cDNA encodes an active 
polypeptide.
3.2.5. Construction of ductin chimeras
The chimeric forms of ductin were constructed by a PCR based strategy using the 
oligonucleotides listed in tables 2 and 3. Two types of primer were used, the first 
type being external and the second type being internal. The internal primers were 
designed such that they had regions of overlap to contiguous regions of ductin and
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Table 3. Nucleotide sequence of internal primers for Nductin chimeric 
polypeptides.
Internal primers- ductin/VMAll chimeric protein
Loop 3-4 antisense:
5' GTGCATATACTTCCTCACACCGGCATCTCC 3'
Loop 3-4 sense:
5' AAGTATATGCACCAACCTCGTCTGTATGTTG 3'
Loop 1 -2 antisense:
5’ CTTGAAAGTACCTATACCGGCAATTCCCACTCCTGATTTG 3’ 
Loop 1 -2 sense:
5' GCCGGTATAGGTACTTTCAAGCCGGAGTTGATCATGAAG 3' 
F24L antisense:
5’ GGGCGCTAAGTACCATGGC 3'
F24L sense:
5’ GCCATGGTACTTAGCGCCC 3’
Y311 antisense:
5’ GGTGCAGCAATTGGCACTGC 3’
Y3II sense:
5' GCAGTGCCAATTGCTGCACC 3'
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VMA11 (figure 8). The first PCR reaction synthesised short segments of ductin 
that contained regions of overlap at their ends with the neighbouring segment. The 
regions of overlap contained the VMA11 sequence in place of the ductin sequence. 
The PCR DNA fragments were purified using spin columns (Promega) to remove 
excess primers, that would otherwise interfere with the next PCR reaction. The 
purified PCR products from the first reaction were used as the template for the 
second PCR reaction. The external primers, specific to the N- and C- termini of 
ductin, were used with the appropriate set of DNA fragments to produce a full 
length ductin cDNA that contained VMA11 sequences for either the 1-2 loop or 
for the 3-4 loop.
The full length ductin chimeras were cloned into pCR II, by taking advantage of 
the 3' A overhang left by the Taq DNA polymerase, using the TA cloning kit 
(Invitrogen). The ductin chimeras were subsequently subcloned into the yeast 
expression vector pYES2 (Invitrogen) using the BamH I  and Xho I  sites in the 
multiple cloning site. The double loop replacement was constructed in the same 
manner as the single loop replacement chimeras except that the template used for 
the first round of PCR was the cloned 1-2 loop chimera and the internal primers 
used were specific for the 3-4 loop region. The full length double chimera was 
cloned into pCRII and subsequently subcloned into pYES2 using the BamH I  and 
Xho I  sites. All the subcloned chimeras were sequenced using the Sequenase 2.0 
kit (USB) using the standard sequencing primers provided in the kit. All the 
chimeras had the correct sequence, both over the replaced extramembranous loops 
and the regions derived from Nductin as shown for the 1-2 loop chimera (Figure 
9).
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Figure 8. Loop chimeras of ductin.
A) Amino acid sequence of the exchanged loop regions.
The exchanged residues for the 1-2 loop region in Nductin and VMA11 
correspond to residues 41-47 and 45-51 respectively, and are contained in the 
boxed region in figure A. The residues exchanged in the 3-4 loop region are 121- 
124 in Nductin and 125-128 in VMA11, as outlined in the boxed region of figure 
A.
B) PCR strategy for the exchange of the 1-2 and 3-4 loop regions of ductin and 
VMA11. Two rounds of PCR were necessary to generate the single loop 
chimeras, while for the double loop chimera three rounds of PCR were necessary. 
The first round of PCR generated a series of DNA fragments that contained 
regions of overlap with each other e.g. DNA fragments 1 and 5 contain a region 
of overlap at their 3' and 5' ends, respectively, that corresponds to the 1-2 loop 
region of VMA11 in place of Nductin. In the second round of PCR the DNA 
fragments 1 & 5, and 3 & 4, were mixed then used as the template for the 
generation of the full length cDNA. The double loop chimera was generated in a 
third round of PCR using DNA fragment 3 and the 1 & 2 DNA fragment 
generated in the second PCR round. The full length cDNA PCR products were 
cloned using the TA cloning kit (Invitrogen) and sequenced using Sequenase 2.0 
(USB).
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Figure 9. Partial sequence of the PCR cloned 1-2 loop chimera.
The sequencing was performed on pYES2 vector containing the 1-2 loop chimera 
cDNA, using a primer specific for upstream of the multiple cloning site, so as to 
read into the 5' end of the cloned cDNA. The deduced sequence for the 1-2 loop 
chimera was identical to the expected sequence.
G T A T T C C C C A T T C T T T G G C G T C A T G G G G G C T G C T T C T G C C A T G G T A T T T A
C A T A A G G G G T A A G A A A C C G C A G T A C C C C C G A C G A A G A C G G T A C C A T A A A T
1G C G C C C T T G G T G C A G C A T A T G G C A C T G C C A A A T C A G G A G T G G G A A T 't i G C C
C G C G G G A A C C A C G T C G T A T 'A C C G T G A C G G T T T A G T C C T C A C C C T T A A C G G
I
G G T A T A G G T A C T T T C A A G C C G G A G T T G A T C A  
C C A T A T C C A T G A A A G T T C 3 G C C T C A A C T A G T
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3.2.6. Transformation of yeast
Large scale plasmid preparations were performed on the chimeric clones and the 
plasmid DNA was used to transform, using a modified lithium acetate protocol 
(Elble, 1992), both the vat c and NUY43 strains of S. cerevisiae. The transformed 
yeast cells were plated out on the appropriate minimal media selection plates 
containing raffinose, and after 1-2 weeks of growth at 30°C transformed colonies 
were visible.
3.2.7. RT-PCR analysis of yeast transformed with loop chimeras
To confirm that the chimeric forms of ductin were being transcribed from the 
pYES2 plasmid, the transformed yeast were analysed for the presence of mRNA 
from the ductin chimeras. Total RNA was isolated from the yeast cells that had 
been transformed with the mutant forms of ductin, and which had been grown on 
the appropriate selective media supplemented with galactose. As mentioned 
above, the galactose induces the expression of genes present in the cloning region 
of the pYES2 vector. The total RNA was analysed for the presence of ductin 
transcripts by RT-PCR, using oligonucleotides specific to the 5' and 3' ends of 
ductin (table 2). mRNA was selected for during the reverse transcriptase step by 
using the oligo d(T)n primers. In all lanes a PCR product of ~500bp was observed 
(figure 10), the expected size for the full length Nductin chimeras, which indicated 
that all the transformed yeast cells analysed were expressing RNA transcripts of the 
ductin chimeras.
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Figure 10. RT-PCR analysis of yeast transformed with loop chimeras of 
Nductin.
The yeast strains vat c and NUY43 were transformed with the cDNA for the 1-2 
loop chimera (lanes 1 and 6, respectively), the 3-4 loop chimera (lanes 11 and 5, 
respectively), the 1-2/3-4 double loop chimera (lanes 14 and 2, respectively), 
F24L (lanes 4 and 3, respectively), Y31I (lanes 13 and 9, respectively), 
F24L/Y31I (lanes 10 and 8, respectively), Nductin (lane 12) and VMA11 (lane 7) 
in the pYES2 yeast expression vector, after which total RNA was isolated from 
cells grown in the presence of 2% galactose to induce transcription from the 
GAL4 promoter. RT-PCR analysis was carried out on the total RNA using the 
primers Ndue tin-5' BamHI and Nductin-3' Xhol (table B), which are specific for 
the N- and C- termini of Nductin. The arrow indicates the expected size of the 
RT-PCR product, ~500bp. The DNA size marker is in the lanes marked VI, and 
the expected sizes of the DNA fragments are 2176, 1766, 1230, 1033, 653, 517, 
453, 394, 298, 234, 220, and 154 bp.
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3.2.8. Expression of ductin chimeras in S. cerevisiae
The activity of the ductin chimeras was tested by transferring the transformed yeast 
cells onto full media plates that were pH buffered to pH 7.5 using 50mM MOPS 
and 50mM MES. The only transformed yeast cells able to grow at pH 7.5 are ones 
that are expressing an active ductin chimeric polypeptide. The expression of the 
ductin chimeras was induced by 2% galactose, in addition to the 2% raffinose, 
present in the full media. Colonies of transformed cells that could grow at pH 7.5 
took 1-2 weeks to become visible and were subsequently photographed (figure 
11). The growth characteristics of the ductin chimeras are listed in table 4. The 
three loop replacement chimeras were unable to restore the growth of NUY43 cells 
at pH 7.5, while only the loop 1-2 replacement chimera was able to restore growth 
of the vat c cells at pH 7.5, but with a reduced rate of growth compared to 
Nductin. Neither the 3-4 loop replacement chimera or the double loop 
replacement chimera were able to restore growth of the vat c cells at pH 7.5. The 
V-ATPase activity of the single chimera to exhibit any growth, the 1-2 loop 
chimera, was tested by performing an ATPase assay on vacuoles isolated from this 
chimera. The ATPase activity was found to be low when compared with activity 
of the wild type Nductin containing V-ATPase.
The results of this experiment show firstly the importance of the two conserved 
extramembranous loops in the activity of ductin in the V-ATPase. Secondly, they 
show that the VMA11 polypeptide is unlikely to be able to function in the V- 
ATPase, confirming the previous results (Umemoto et al., 1991) that the VMA11 
polypeptide cannot substitute for the vat c function.
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Figure 11. Growth of transformed yeast at pH 7.5.
A) The vat c yeast strain grown at pH 7.5 in the presence of 2% galactose after 
transformation with the pYES2 expression vector containing Nductin cDNA.
B) The NUY43 yeast strain grown at pH 7.5 in the presence of 2% galactose after 
transformation with the pYES2 expression vector containing VMA11 cDNA.
C) The vat c yeast strain grown at pH 7.5 in the presence of 2% galactose after 
transformation with the pYES2 expression vector containing 1-2 loop chimera 
cDNA.
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3.2.9. Western analysis of yeast transformed with ductin chimeras
Although having a low V-ATPase activity the 1-2 loop replacement chimera could 
be detected in the vat c cells. Vacuolar membranes were isolated using Ficoll 
gradients, and 7pg of the isolated vacuolar protein was loaded onto a 12.5% SDS- 
PAGE gel and once the protein sample was separated it was transferred to a 
nitrocellulose filter. The antibody used to probe the western blot was a polyclonal 
antisera (N2) raised against Nductin (Leitch and Finbow, 1990). A band was 
observed at 16kDa that was the same size as for the control Nductin that had been 
isolated from Nephrops gap junctions (Figure 12).
3.2.10. Construction and expression of further mutations to the double loop 
chimera.
The inability of the loop replacement chimeras to restore the growth in the NUY43 
cells suggested that the difference in activity between ductin and VMA11 was not 
confined to the 1-2 and 3-4 loop regions and that additional regions or residues 
play a role in distinguishing the activity of the two polypetides. One candidate 
region that came to light from a mutagenesis study as possibly containing 
additional distinguishing features is the first transmembrane region of Nductin 
(Jones et al., 1994). This region was being studied as part of an effort to confirm 
the helical arrangement of ductin when it is part of the V-ATPase. A number of 
residues in the first helical region of the Nductin were mutated to cysteine and the 
effect on the activity of ductin assayed (table 5). Of particular note were the 
residues F24 and Y31, since when either were replaced by cysteine the activity of 
the V-ATPase was significantly reduced (Jones et al., 1994). These two residues 
are conserved in ductin, from fungi to higher eukaryotes, but are different in 
VMA11 being replaced by L and I, respectively (figure 6). These two aromatic
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Figure 12. Western analysis of the 1-2 loop chimera.
Vacuolar membranes were isolated from vat c cells expressing the 1-2 loop 
chimera and the protein separated by 12.5% SDS-PAGE. After transfer onto 
nitrocellulose the blot was probed with the primary antibody, N2 antisera, at 
1:100 dilution and the presence of antigen was visualised by chemiluminescence 
using the ECL-Westem kit from Amersham. Lanes 1 and 2 are vacuolar 
membrane protein isolated from vat c and NUY43 cells, respectively, expressing 
the 1-2 loop chimera polypeptide. Lanes 3 and 4 are different exposures of the 
control Nductin, isolated from gap junctions.
1-2 loop chim era  
1 2  3 4
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Table 5. Functional properties of vat c strains expressing mutagenised 
Nductin.
Codes refer to the changed residue, its position in the primary structure and the 
amino acid which has been introduced. Vacuolar membrane ATPase specific 
activities are expressed as prnol ATP hydrolysed/mg protein/min. Km is 
expressed for ATP (mM). Vacuolar membrane isolation and ATPase assay were 
performed as in Uchida et al., (1985). Values in parentheses reflect ATPase 
activity relative to that in the C54S mutant. ND, not determined (taken from 
Jones et al., 1994).
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residues are predicted to lie on the same face of helix 1, perhaps forming a contact 
between this helix and helix 4 (figure 13). Therefore, these two residues may 
contribute to the difference in activity between ductin and VMA11.
To test this possibility single site mutations to the residues F24 and Y31 were 
made, and were changed to L and I respectively in the double loop replacement 
chimera. In addition, the double substitution F24L/Y31I was also constructed in 
the double loop chimera. These substitutions were carried out with the 
oligonucleotides listed in Table 3 using the same PCR strategy as for the 
construction of the original loop replacement chimeras. As before, the full length 
PCR products were cloned into the pCR II vector using the TA cloning kit 
(Invitrogen) and subcloned into pYES2 at the BamH I  and Xho I  cloning sites, 
after which the region containing the altered nucleotides was sequenced and the 
changes confirmed. As for the original ductin chimeras, F24, Y31 and F24L/Y31I 
were expressed in both vat c and NUY43 yeast cells. RT-PCR confirmed the 
presence of RNA products for each polypeptide (figure 10). The activity of the 
new ductin mutants was tested by growing the transformed cells at pH 5.5 and pH 
7.5, in full media containing galactose. The results of the growth assay are shown 
in table 6. No growth in either the vat c or the NUY43 cells was observed for 
F24L, Y31I or F24L/Y31I, indicating that they were still defective in restoring 
wild type ductin activity and that there was no new VMA11 like activity present in 
the ductin mutants.
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Figure 13. A model depicting the character of the proposed surfaces of the 
four a-helix bundle of Nductin.
The amino acid sequence underneath the model correspond to residues 20 to 34 in 
helix 1 of Nductin, and the underlined residues have all been modified to 
cysteines and the subsequent effect on V-ATPase activity assayed. The two 
residues, F24 and Y31, are highlighted in grey since they disrupt the activity of 
Nductin when modified to cysteine (modified from Finbow et al., 1995).
I I  H ydrophobic 2  
B 1  Gly/Ala rich 
I  Polar
SAM V FSALGAAY GTA
Table 6. pH growth characteristics of F24L, Y31I and F24L/Y31I
Growth at pH 7.5 was assayed for vat c and NUY43 strains of S. cerevisiae after 
transformation with cDNA coding for F24L, Y31L and F24L/Y31I in the pYES2 
yeast expression vector. YPD agar plates were supplemented with 2% galactose 
to induce expression from pYES2.
cDNA Growth at pH 7.5
vatc NUY43
F24L - -
Y31I - -
F24L/Y31I - -
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3.2.11. Discussion
3.2.11.1. Replacement of the conserved loop regions of ductin
The only chimeric Nductin that restored partial V-ATPase activity was the 1-2 
loop chimera. A total of 7 residues were exchanged in this chimera and although a 
number of those residues were conservative changes, the cumulative effect of the 7 
changes might have been expected to result in a complete loss of activity for the 
chimeric polypeptide. That this was not the case suggests that the 1-2 loop region 
is not crucial for the activity of ductin in the V-ATPase complex. The loss of 
activity that was observed, as seen in the slower growth of colonies at pH 7.5 and 
the low ATPase activity of isolated vacuoles does though indicate that this region 
has an important influence on the activity of ductin when in the V-ATPase 
complex.
In contrast, when the 3-4 loop region of ductin was replaced with the equivalent 
region of VMA11, the resulting chimeric polypeptide was not able to substitute the 
missing ductin activity in the vat c strain. Only four residues replaced in the 3-4 
loop region but the character of the residues that were exchanged was much more 
diverse than in the 1-2 loop region. The resulting chimeric polypeptide was unable 
to function in the V-ATPase complex, thus the sensitivity of this region provides 
evidence for the importance of this region to the activity of ductin. In addition, the 
1-2 and 3-4 double loop replacement ductin chimera was not able to substitute the 
wild-type ductin activity.
The loop replacement chimeras of ductin do not directly show that this region acts 
as an interface between ductin and other V-ATPase subunits, but what they do 
show, especially for the 3-4 loop region, is the importance of these regions for the
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activity of ductin and the continuing relevance of the equivalent work on subunit c. 
In subunit c the loop region has an important role in the activity of the polypeptide, 
as has now been shown for the 3-4 loop region of ductin. It seems therefore to be 
no coincidence that the character of the subunit c loop region resembles that of the 
3-4 loop region, and if so then the 3-4 loop may perform an analogous role in the 
activity of ductin, that of coupling the ATPase activity with H+ translocation. The 
importance of these two loop regions and their location in the V-ATPase complex 
with regard to the possible site of proton translocation and Vq-Vj interaction will 
be discussed in section 4.1.
The ductin loop replacement chimeras were also expressed in the NUY43 strain in 
the prediction that the chimeric polypetides should be able to substitute the missing 
VMA11 activity. At this time there is no data as to what role VMA11 may 
perform in yeast cells, but the high degree of homology between VMA11 and 
ductin suggests that the two polypeptides perform similar but distinct functions. 
The lack of activity of the loop replacement chimeras in the NUY43 cells indicates 
that this was not the case and there is more to the difference in activity between 
ductin and VMA11 than the differences between the 1-2 and 3-4 loop regions.
3.2.11.2. Additional mutation of the 1-2/3-4 loop chimera to VMA11
In an effort to change the activity of ductin to that of VMA11 two further residues 
of ductin were mutated to their equivalent residue in VMA11. The two residues 
were F24L and Y31I, both of which are in the first transmembrane region and have 
been shown to be sensitive to replacement by cysteine (Jones et al., 1994). When 
the double loop chimera with these additional alterations, either singly or with both 
present, was expressed in the NUY43 strain there was no observable growth, 
indicating that the polypeptides still had no VMA11 activity. These results 
demonstrate that the differences between ductin and VMA11 cannot be easily
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determined from the amino acid sequences of the two polypeptides and that they 
are more widespread than at first thought. What in fact are determines the 
difference in activity between the two polypeptides remains unclear and probably 
involves a number of regions and residues spread throughout the polypeptides.
3.2.11.3 The yeast expression system as a tool
The expression of ductin in the vat c strain of S. cerevisiae provides a convenient 
assay for the activity of ductin when it is part of the V-ATPase complex. This 
allows the effect of mutations on ductin to be tested and related to the normal 
activity of ductin in the V-ATPase complex. A disadvantage with this system is 
the inability to distinguish the cause of inactivating mutations to ductin, that is, a 
particular mutation can only be described as active or inactive without an 
understanding of why that is the case. Since the process that leads to ductin 
becoming incorporated into an active ATPase complex is multi-step the large 
number of potential failure points along that pathway can make interpreting the 
results of an inactive mutant ductin difficult. A similar problem has been noted 
while studding the assembly ofphospholamban, a cardiac ion channel (Arkin et al., 
1994). The mutation of residues that line the pore caused a disruption in the 
stability of thephospholamban complex, not a result that was expected and that 
could easily have been wrongly interpreted. Part of the problem could be 
potentially overcome if a simpler expression system could be used to examine, for 
example, assembly of the ductin core complex. In the following section, such a 
system has been used to study ductin.
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3.3. Synthesis and assembly of ductin.
3.3.1. Introduction
According to the presently accepted concepts of membrane protein orientation 
(von Heijne, 1995) ductin should only have a single orientation, whereas the 
experimental evidence would suggest that ductin has two membrane orientations 
(Finbow et al., 1993). One of the aims of this thesis is to resolve this difference 
between the published data on the orientation of ductin and the accepted concepts 
of membrane protein orientation. As a start to this, the first steps in the synthesis 
of the ductin polypeptide will be studied using a model system based on cell-free 
expression of the polypeptide in rabbit reticulocyte lysate.
Such an approach should determine the manner of ductin synthesis, i.e. is it SRP- 
dependent, and how it becomes incorporated into the membrane. In addition, it 
should allow an approach to examine the process of assembly of ductin oligomers. 
This in vitro system has been used in other studies to examine the synthesis and 
insertion into the ER of poly topic transmembrane proteins (Miao et al, 1992, 
Skach et al, 1994, Falk et al, 1994).
3.3.2. Examination of an in vitro expression system - (3-lactamase.
Commercial sources are available for both a rabbit reticulocyte lysate (Promega) 
and canine pancreatic microsomes (Promega). This lysate consists of a 
reticulocyte extract that has been treated with micrococcal nuclease to degrade the 
endogenous mRNA. This treated lysate contains the cellular components required 
for protein synthesis and has been optimised for the translation of added mRNA. 
Translation of mRNA in the presence of microsomal membranes allows a number 
of polypeptide processing events to be studied, including signal sequence cleavage,
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membrane insertion and translocation, and core glycosylation. The processing 
activity of the microsomal membranes can be assayed using the control p- 
lactamase mRNA provided with the microsomal membranes.
Translation of p-lactamase mRNA leads to an unprocessed form of the protein of 
32kDa in size (figure 14). When microsomes are added, there is an appearance of 
a band at ~29kDa consistent with removal of the N-terminal signal sequence of p- 
lactamase. These results indicate that p-lactamase has been translocated through 
the microsomal membrane. Further evidence for this comes from the protection 
afforded to the polypeptide against proteolytic degradation by the microsomal 
membrane. Once the processed form of p-lactamase was translated in the presence 
of microsomal membranes it was found to be protected from the action of trypsin 
in the absence but not in the presence of detergent (figure 14, lanes 2 and 3). The 
presence of the detergent disrupted the microsomal membranes and gave the 
trypsin access to the lumen where it digested the p-lactamase.
The two possible locations for a polypeptide in the microsomal membrane are in 
the lumen or in the lipid bilayer. To distinguish between these two possibilities the 
microsomal membranes can be treated with sodium carbonate at pH 11, causing 
the contents of the lumen to be released. The membrane fraction of the 
microsomes can then be separated from the lumenal contents by centrifugation in a 
Beckman TL-100 Ultracentrifuge at 50000 rpm for 60 minutes. When this was 
performed on in vitro translated p-lactamase it was found in the supernatant and 
therefore is associated with the contents of the microsomal lumen and not the 
membrane (figure 14, lane 6). These results confirm the location of p-lactamase 
after translocation as being in the lumen of the microsomal membranes, as 
expected for a secreted polypeptide.
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Figure 14. Synthesis and insertion of (3-lactamase into microsomal 
membrane. Control mRNA encoding (3-lactamase was translated in the presence 
of microsomal membranes. Lanes 1, 2 and 3 are (3-lactamase after treatment with 
(+) or without (-) trypsin and either in the presence (+) or absence (-) of triton, as 
indicated above each lane. In lanes 5 and 6, microsomal membranes were 
extracted with sodium carbonate and centrifuged to pellet integral membrane 
protein (lane 5, 'p') from peripheral and lumenal protein (lane 6, 's'). Lane 4 
represents the microsomal membranes before extraction with sodium carbonate. 
The upper (3-lactamase band corresponds to the unprocessed form, while the 
lower band has been processed by the removal of the signal sequence. The 
protein samples were visualised by 12.5% SDS-PAGE and autoradiography.
M * s o m e s  + + + + + +  
T r y p s i n  -  +  +
T r i t o n  -  -  +
P s
1 2 3 4 5 6
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3.3.3. Synthesis of squid rhodopsin.
To characterise the microsomal membranes with respect to an integral membrane 
protein, as opposed to the secreted (3-lactamase, squid rhodopsin was used as a 
model protein (Hall et al, 1991). This polypeptide is a member of the seven 
transmembrane a-helical receptor family in which the N-terminus is extracellular 
and the C-terminus is cytoplasmic (figure 15B). In isolated photoreceptor 
membranes, the C-terminus of squid rhodopsin was removed by endoproteinease 
glu-c and gave a N-terminally derived 36kDa form instead of the mature 47-kDa 
form (Ryba et al, 1993). The 36kDa form represented the core integral membrane 
section of squid rhodopsin. The correct insertion of squid rhodopsin into the 
microsomal membranes was tested by determining the orientation of the 
polypeptide after insertion. The C-terminal region of squid rhodopsin will be 
exposed on the cytoplasmic face of the microsomal membranes and available for 
cleavage by endoproteinease glu-c if the process of insertion has occurred 
correctly. Alternatively, if squid rhodopsin had been incorrectly inserted, then it 
should be resistant to the proteinase. Treatment of in vitro translated squid 
rhodopsin with endoproteinease glu-c resulted in the loss of the full length 47kDa 
form and the appearance of a 36-kDa product instead, indicating the presence of 
the correct, single orientation in the microsomal membranes (Figure 15A). The 
above results indicate the suitability of using the rabbit reticulocyte lysate coupled 
with microsomal membranes as an expression system for examining the synthesis 
and insertion of ductin.
98
Figure 15. Membrane insertion and orientation of squid rhodopsin.
A) Squid rhodopsin (Mr 47,000) was translated in vitro in the presence of 
microsomes, and then treated for the times shown with endoproteinase glu-C (V8 
protease) at 0.01 mg/ml for 1 hour at room temperature, before being visualised by 
12.5% SDS-PAGE and autoradiography. B) Predicted transmembrane topology 
of squid rhodopsin. Squid rhodopsin is a member of the G-protein receptor 
superfamily, and consists of seven transmembrane regions with the C-terminus 
exposed on the cytoplasmic face of the lipid bilayer where it is accessible to 
proteases (modified from Hall et al., 1991).
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3.3.4. Synthesis of Nductin.
The ductin cDNA from Nephrops norvegicus (courtesy of P. McLean, Beatson 
Institute) in pBluescript (Stratagene) was used as the template to produce mRNA 
for translation in the in vitro system. The plasmid was linearised prior to in vitro 
transcription using the restriction enzyme Xba /, which cuts downstream of the 
Nductin stop codon. The linearised plasmid was purified by phenol extraction then 
used as a template for the production of capped mRNA by T7 RNA polymerase 
using the T7 mMessage mMachine kit (Ambion). The Nductin mRNA was added 
to reticulocyte lysate that had either no microsomal membranes present or to lysate 
that had been supplemented with microsomal membranes. Translated Nductin 
polypeptide was then immunoprecipitated using the N2 antisera and visualised by 
SDS-PAGE on a 12.5% gel followed by autoradiography. The efficient translation 
of ductin mRNA was found to be dependant on the presence of the microsomal 
membranes (Figure 16) since in the absence of the microsomes only a relatively 
small amount of ductin could be detected compared to when it was translated in 
the presence of microsomal membranes. The block in translation in the absence of 
membranes indicates that ductin is probably inserted into the microsomes using the 
SRP-dependent pathway, consistent with ductin being a polytopic membrane 
polypeptide (Walter et al, 1984).
The in vitro synthesised Nductin co-migrated with ductin isolated from gap 
junctions showing there is no signal sequence cleavage. Further evidence of SRP- 
dependency comes from using a wheatgerm extract translation system. In this 
in vitro system, SRP is absent and therefore SRP-dependent proteins are translated 
in the absence of microsomal membranes. Such an experiment showed that 
Nductin was indeed synthesised in wheatgerm extract in the absence of 
microsomal membranes (figure 16, lanes 5 and 6).
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Figure 16. Synthesis and insertion of Nductin into microsomal membrane.
Capped mRNA encoding Nductin was translated in the presence (lane 1, shown as 
'+') or absence (lanes 2, shown as of microsomal membranes before 
immunoprecipitation with antibodies to Nephrops ductin (N2). In lanes 3 and 4, 
microsomal membranes containing translated Nductin were extracted with sodium 
carbonate and centrifuged to pellet the membrane component (lane 3, 'p') and so 
separate it from peripheral and lumenal protein (lane 4, 's'). In lanes 5 and 6 the 
Nductin mRNA was translated using the wheatgerm extract ' system, either in 
the presence (lane 5,'+') or absence (lane 6,'-') of microsomal membranes. The 
protein samples were visualised by 12.5% SDS-PAGE and autoradiography.
M'soraes + - + + +
Ab  +  +  - - - -
P s
1 2 3 4 5 6
4 3 -
2 9 -
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3.3.5. Membrane insertion of Nductin.
The location of newly synthesised ductin within the microsomes was examined in 
the same manner as previously for |3-lactamase. Nductin that had been translated 
in the presence of microsomes was treated with trypsin in the absence and presence 
of the detergent Triton X-100. Nductin was not digested by the trypsin when no 
detergent was present, but it was digested in the presence of detergent (figure 17). 
The protection of Nductin from digestion indicates that Nductin is present within the 
microsomal membranes or the lumen of the microsomes. To distinguish between 
the two possible locations within the microsomal membranes, the lumen or the lipid 
bilayer, the contents of the microsomal lumen were extracted using sodium 
carbonate, pH 11. Nductin was found to be present in the membrane fraction after 
centrifugation (Figure 16, lane 3). These results confirm that ductin has been 
inserted into the lipid bilayer of the microsomal membranes, the expected location 
for an integral membrane protein. The digestion of ductin by trypsin in the 
presence of detergents contrasts with the inability of trypsin to digest ductin 
isolated from gap junctions, in the presence of detergents (Finbow et al., 1984).
This suggests that Nductin , although possibly present in oligomeric forms (see 
section 3.3.9.), is not organised into large membrane arrays of the form 
characteristic of gap junctions.
3.3.6. Orientation of ductin in the microsomal membranes.
3.3.6.1. Introduction.
Ductin has no post-translational processing events (e.g. signal peptide cleavage or 
glycosylation) that can act as markers for the orientation of ductin after insertion.
To overcome this, a fusion polypeptide was made by adding 67 amino acids from
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Figure 17. Trypsin digestion of Nductin.
Nductin (lanes 1, 2 and 3) was translated in vitro in the presence (+) of 
microsomal membranes (M'somes), then treated either with (+) or without (-) 
0.025% trypsin, both in the absence (-) and presence (+) of 1% triton. The digest 
was performed for 60 minutes at room temperature and the protein 
immunoprecipitated using the N2 antisera, before being visualised by 12.5% 
SDS-PAGE and autoradiography.
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the N-terminus of (3-lactamase to the C-terminus of Nductin (Nductin-|3 lac) to 
provide a trypsin sensitive extension. (3-lactamase was chosen as the source of the 
extension since it is known to translocate efficiently in the microsomal membranes, 
does not contain any transmembrane segments, and has multiple tryptic cleavage 
sites, the closest one being 12 residues downstream of the C-terminus of Nductin: 
so the (3-lactamase extension would be expected to have no influence on the 
insertion of the Nductin portion of the fusion polypeptide. Adding a C-terminal 
extension on to Nductin would not be thought to influence the orientation of the 
chimeric protein because on current models of membrane insertion coupled to 
synthesis, the C-terminal region would not be synthesised until after the N-terminus 
of Nductin has been inserted into the membrane (see section 1.2.3.).
Once Nductin-(3 lac has been inserted into the microsomal membranes the 
accessibility of the extension to trypsin can be determined by the orientation of 
insertion (figure 18). There are three possible outcomes that can be envisaged 
after trypsin treatment of Nductin-(3 lac. If the N-terminus of Nductin-(3 lac is 
exposed on the cytoplasmic face then the extension will be cleaved by trypsin, 
causing a shift in the migration of the polypeptide, whereas if the N-terminus is 
exposed on the lumenal face then there will be no trypsin digestion and no shift in 
migration. The presence of both digested and undigested Nductin-(3 lac would 
indicate the presence of a mixed population of polypeptides distinguishable by their 
orientation.
3.3.6.2. Construction of Nductin-|3 lac.
The fusion polypeptide Nductin-(3 lac was constructed using a PCR based strategy. 
For this approach (outlined in figure 19), two overlapping PCR products were first 
prepared, T7polductin and (3-/acterm. T7polductin contained a T7 RNA 
polymerase site, the ORF for Nductin and an overlap with the second PCR
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Figure 18. The predicted band pattern of Nductin-p lac before and after 
trypsin treatment.
A) Model of the three potential orientation profiles for Nductin-p lac, where 1 
represents Nductin-p lac having the N- and C-termini lumenally exposed, 2 
represents Nductin-p lac having a mixed population of the two orientations and 3 
represents Nductin-p lac having the N- and C-termini exposed on the cytoplasmic 
face. B) A representation of an idealised SDS-PAGE analysis of 1, 2 and 3 after 
treatment with trypsin, showing the digestion pattern of Nductin-p lac; with, 1- no 
digestion of the C-terminal extension, 2- partial digestion of the C-terminal 
extension, and 3- full digestion of the C-terminal extension. C) A diagram of 
Nductin-p lac indicating the approximate positions of potential tryptic cleavage 
sites. There are four lysine residues 12, 14, 35 and 53 amino acids downstream of 
the C-terminus of Nductin. In addition there is a arginine residue 23 amino acids 
downstream of the C-terminus of Nductin.
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Figure 19. PCR strategy for the generation of the extended Nductin, 
Nductin-p lac.
Two rounds of PCR were used to generate Nductin-p lac which contained a T7 
RNA polymerase site 5' of the ATG start codon for the fusion polypeptide. In the 
first round of PCR two DNA fragments were generated, 77J?o/ductin using the 
primers T7 Nductin and Nductin T4A sense, and p-tocterm using the primers 
Nductin T4A antisense and b-lac 3' anti. The primers Nductin T4A sense and 
Nductin T4A antisense are complementary to each other, which means that the 
DNA fragments T7polduciin and p-/<2Cterm have a region of overlap at their 3' 
and 5' ends, respectively. The region of overlap allows the two DNA fragments 
to anneal together and it this annealed product which is amplified during the 
second round of PCR. T7pol&\ictm and p-ZflCterm were purified then mixed, and 
used for the template DNA in the second round of PCR, using the T7 Nductin and 
P-lac 3' anti primers to generate the full length Nductin-p lac fusion construct.
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product. The inclusion of a T7 RNA polymerase site in T7pold\ic£m was to allow 
the use of the PCR DNA directly in the in vitro transcription reaction, as had been 
done for Nodulin 26 (Miao et al., 1992). Previous attempts to clone Nductin-p lac 
into a vector containing an upstream T7 RNA polymerase site had failed, hence the 
need to use the PCR DNA directly for the in vitro transcription. The PCR DNA 
was generated using the forward primer T7 Nductin (table 8) and the reverse 
primer Nductin T4A antisense (table 7) which encoded the 5 C-terminal residues of 
Nephrops ductin plus one extra base, and residues 18 to 23 of p-lactamase (from 
Esherichia coli). [3-/<2cterm was generated using Nductin T4A sense, the 
complimentary oligonucleotide to Nductin T4A sense (table 7) which was used to 
generate T7polductin, and a reverse oligonucleotide primer, p-lac 3' anti, which 
encoded residues 80 to 85 plus two extra bases together with an in-frame 
termination codon and a Xhol restriction site. Excess oligonucleotides from the 
first round of PCR were removed by "Wizard" spin column purification (Promega) 
of the PCR products after agarose gel electrophoresis had separated the PCR 
product from the oligonucleotides. T7polduciin and p-focterm were hybridised 
and used as a template for a second round of PCR, which generated the full length 
DNA product, Nductin-p lac, by using the external primers T7 Nductin and p-lac 
3' anti (table 2).
3.3.6.3. Trypsin digestion of Nductin-p lac
Capped mRNA was transcribed directly from the Nductin-p lac PCR DNA using 
the T7 mMessage mMachine kit (Ambion) and then translated in the in vitro 
system. Nductin-p lac gave a band of apparent size 22-kDa on SDS-PAGE, the 
predicted size of the fusion polypeptide and retained the dependency on 
microsomes for synthesis that had been observed for Nductin (Fig 20). After the 
separation of the microsomal membranes from the reticulocyte lysate by 
centrifugation, Nductin-p lac was present in the pellet containing the membranes
107
Table 7. Nucleotide sequence of internal primers for Nductin-p lac and 
VMAll-p lac fusion polypeptides.
Internal primers-ductin fusion protein
Nductin T4A antisense:
5’ GTGAGCAAAAACAGGAAGGCTGGAGGTCTTGGTG 3' 
Nductin T4A sense:
5' CACCAAGACCTCCAGCCTTCCTGTTTTTGCTCAC 3' 
VMA11 T4A antisense:
5' CAGCGTTTCTGGGTGTTCAGAGCCTCTAGT 3’
VMA11 T4A sense:
5’ ACTAGAGGCTCTGAACACCCAGAAACGCTG 3'
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Table 8. Nucleotide sequence of 5' primers containing a T7 RNA polymerase 
site.
T7 RNA polymerase primers
77 Nductin:
5' GGATCCTAATACGACTCACTATAGGGAGGCTCAAAATGTCTGAA 
GAGGG 3’
T7 Nductin AA:
5' GGATCCTAATACGACTCACTATAGGGAGGCTCAAAATGTCTGCA
GCGGGTAGTCCT
T7 Nductin KK:
5' GGATCCTAATACGACTCACTATAGGGAGGCTCAAAATGTCTAAA 
AAGGGTAGTCCT 3’
T7VMA11:
5' GGATCCTAATACGACTCACTATAGGGAGGGTAAACATGTCAACG 
CAACTC
109
Figure 20. Synthesis and insertion of Nductin-p lac into microsomal 
membrane.
Capped mRNA encoding Nductin-p lac (lanes 1 and 2) was translated in the 
presence (lanes 1,'+') or absence (lanes 2 , of microsomal membranes before 
immunoprecipitation with N2 antisera, after which the protein was resolved on a 
12.5% SDS-PAGE gel and visualised by autoradiography.
M ' s o m e s  +
A b  +  +
1 2
4 3 -
2 9 -
— N d u c t i n - 0  l a c
1 8 . 4 -
1 4 . 3 -
110
(figure 24), as was the case for Nductin. The (3-lactamase portion of Nductin-(3 lac 
introduces a potential trypsin cleavage site 12 amino acids downstream from the C- 
terminus of the ductin sequence, which should lead to an identifiable increase of 
-lkDa in the migration of the core membrane region of Nductin-(3 lac when 
compared to Nductin.
The translated Nductin-(3 lac was treated with trypsin under a number conditions 
including variable trypsin concentration, length of digestion and temperature at 
which the digest was performed. First of all, Nductin-(3 lac was treated with a 
number of different concentrations of trypsin, 0.025%, 0.05% and 0.25%, at room 
temperature for 30 minutes before being immunoprecipitated with the N2 antisera, 
in the presence of a trypsin inhibitor. At 0.025% and 0.05% trypsin the two main 
bands present are 22kDa and 17kDa in size, whereas at 0.25% trypsin only a faint 
17kDa band was observed (figure 21). The 22kDa band co-migrates with the full 
length Nductin-(3 lac that was not treated with trypsin, while the 17kDa band 
corresponds in size to that predicted for Nductin-(3 lac after removal of the C- 
terminal extension at the trypsin sensitive site 12 amino acids downstream of the 
join between the Nductin and (3-lactamase portions. At 0.25% trypsin almost all 
the Nductin-(3 lac was fully digested, leaving only a faint 17kDa band (figure 21, 
lane 2). At this high concentration, the near complete digestion of the 17kDa 
band, which is predominantly of Nductin origin, in the absence of detergents 
suggests there is a breakdown of the microsomal membrane. The presence of both 
digested and undigested Nductin-(3 lac at 0.025% and 0.05% trypsin is consistent 
with the presence of dual orientations according to the predictions made above. 
However, an alternative explanation for the double band pattern seen at the lower 
trypsin concentrations (0.05% and 0.25%) is the incomplete digestion of Nductin-(3 
lac and not dual orientation.
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Figure 21. Trypsin digestion of Nductin-(3 lac.
Nductin-|3 lac (lanes 1-6) and Nductin (lanes 7 and 8) were translated in the 
presence of microsomes then, where indicated, treated with trypsin at the 
concentrations specified. The proteins were resolved on a 15% SDS-PAGE gel 
after immunoprecipitation using N2 antisera. For trypsin digestion, the translation 
mix was treated with tetracaine-HCl, to a final concentration of 2mM, before the 
proteinase was added and incubated at room temperature for 30 min. The reaction 
was stopped by the addition of RIPA buffer containing trypsin inhibitor. The 
protein samples were visualised by 15% SDS-PAGE and autoradiography.
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To distinguish between these two possibilities, the 0.025% trypsin digest of 
Nductin-p lac was followed over a period of time at room temperature. Aliquots 
of the trypsin digestion reaction were removed at 0, 5,10, 15 30, 60, and 90 
minutes and diluted into RIPA buffer containing aprotinin to stop the trypsin 
digestion. The Nductin-p lac was immunoprecipitated with the N2 antibodies and 
visualised by SDS-PAGE and autoradiography. The 17kDa band was present after 
at least 5 minutes and up until 90 minutes, while the 22kDa band was lost after 15 
minutes (Figure 22), but appeared to be stable during this time, again suggestive of 
dual orientations. However, the loss of the 22kDa band after only 15 minutes is in 
contrast with the earlier 0.025% trypsin digest where the 22kDa band was still 
present after 30 minutes. This difference could be due to either a more efficient 
trypsin digest in the second experiment, or the loss of microsomal membrane 
integrity before the end of the timecourse in the second experiment.
The same timecourse experiment was also performed on ice, not only to reduce the 
activity of trypsin, but also to stabilise the microsomal membranes and reduce any 
permeablisation of the membranes that may occur. Tetracaine-HCl was also added 
to further stabilise the microsome membranes. As a marker for the integrity of the 
microsomal membranes, the access of trypsin into the lumen of the microsomes 
was assayed by a timecourse trypsin treatment of p-lactamase. As long as trypsin 
is excluded from the lumen of the microsomes then p-lactamase should not be 
degraded, and any digestion of Nductin-p lac will be due to exposure on the non- 
iumenal surface of the microsomal membrane where trypsin has access. In 
addition, squid rhodopsin was digested with trypsin under the same conditions, so 
as to provide a measure of the rate of trypsin digestion of the cytoplasmically 
exposed C-terminal region of this polypeptide.
113
Figure 22. Time course of trypsin digestion of Nductin-p lac in microsomal 
membranes.
Microsomes containing the fusion protein, Nductin-p lac was translated in vitro in 
the presence of microsomal membranes before being treated with 0.025% trypsin 
over a 90 min period at room temperature. Prior to the trypsin digestion the 
microsomal membranes were treated with tetracaine-HCl to a final concentration 
of 2mM. The digest was stopped at the indicated time points by diluting an 
aliquot of the sample in RIPA buffer containing aprotinin, after which an 
immunoprecipitation (IP) was performed using the N2 antisera and the samples 
were visualised by 12.5% SDS-PAGE and autoradiography.
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To stop the action of the trypsin samples were diluted into MP buffer containing 
aprotinin, and the microsomes were separated from the reticulocyte lysate by 
centrifugation at 50000 rpm for 60 minutes. During the timecourse digestion of p- 
lactamase there does not appear to be any digestion of the polypeptide until 
between 60 and 90 minutes (figure 23). For the trypsin digestion of squid 
rhodopsin, the complete loss of the full length 47kDa polypeptide did not occur 
until between 30 and 60 minutes (figure 23), and up till that time there was only 
partial loss of the 47kDa band. These results indicate that the microsomal 
membranes retain their integrity up until 60 minutes, and that the complete 
digestion of exposed polypeptide will have occurred at this time.
To overcome the problem of maintaining a similar trypsin activity between 
Nductin-p lac and the control proteins during the digestion, equal volumes of 
translated Nductin-p lac and p-lactamase were mixed prior to digestion with 
trypsin. This allowed a direct comparison of the digestion of Nductin-p lac and p- 
lactamase over the period of the timecourse. At each timepoint of the digest, 
aliquots were treated in two ways, either the microsomes were isolated directly by 
centrifugation, or Nductin-b lac was isolated by immunoprecipitation. The 
centrifugation of the microsomes allowed the direct comparison of Nductin-p lac 
and p-lactamase digestion. The immunoprecipitation of Nductin-p lac produced 
better resolved bands, including the presence of a third band between the 22 and 
17kDa bands. This third band was probably due to incomplete tryptic digestion of 
Nductin-p lac at one of the potential tryptic cleavage sites in the p-lac extension 
closer to the C-terminus of Nductin-p lac (figure 18). The trypsin timecourse 
results on ice for Nductin-p lac were similar to those at room temperature except 
that the timeframe over which the various bands appeared and disappeared was 
much more spread out. As can be seen in figure 24 where p-lactamase was present 
along with Nductin-p lac, the presence of a stable, uncleaved 22kDa band along
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Figure 23. Time course of trypsin digestion of (3 lactamase and squid 
rhodopsin in microsomal membranes.
(3 lactamase and squid rhodopsin were translated in vitro in the presence of 
microsomal membranes before being treated with 0.025% trypsin over a 90 
minute period on ice. Prior to the trypsin digestion the microsomal membranes 
were treated with tetracaine-HC1 to a final concentration of 2mM, to stabilise the 
microsomal membranes. The digest was stopped at the indicated time points by 
diluting an aliquot of the digestion sample in MP buffer containing aprotinin, 
after which the microsomal membranes were pelleted by centrifugation and the 
pellet fraction was visualised by autoradiography, after 12.5% SDS-PAGE.
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Figure 24. Time course of trypsin digestion of Nductin-p lac and p- 
lactamase in microsomal membranes.
Nductin-p lac and p-lactamase were separately translated in vitro in the presence 
of microsomal membranes but before being treated with 0.025% trypsin over a 90 
minute period on ice, equal volumes of Nductin-p lac and p-lactamase sample 
were mixed. Prior to the trypsin digestion the microsomal membranes were 
treated with tetracaine-HCl to a final concentration of 2mM. The digest was 
stopped at the indicated time points by diluting an aliquot of the sample in MP 
buffer containing aprotinin, after which the microsomal membranes were pelleted 
by centrifugation (M'somes). In addition, at each indicated time point a second 
aliquot was removed and diluted in RIPA buffer containing aprotinin and an 
immunoprecipitation performed using the N2 antisera (IP). The pellet fraction 
protein and the immunoprecipitated protein was visualised by 12.5% SDS-PAGE 
and autoradiography.
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with the cleaved 17kDa band occurred when trypsin had no access to the lumen of 
the microsomes and there was no loss of (3-lactamase signal. The presence of the 
two bands was stable between 30 and 60 minutes, suggesting that all the exposed 
Nductin-p lac had been cleaved and that the presence of an uncleaved population 
was a real result, not an artefact of incomplete digestion. The 22kDa band was 
believed to represent a population of Nductin-p lac whose membrane orientation 
was opposite to that of the cleaved 17kDa form of Nductin-p lac. This digestion 
pattern was predicted if Nductin-p lac had been inserted in both orientations into 
the microsomal membranes (figure 18).
3.3.6.4. Chemical modification of ductin by fluorescein-5-maleimide (FM).
The result from the trypsin digest of Nductin-p lac that suggest the presence of 
dual orientations is contrary to the generally accepted view that membrane proteins 
have a single membrane orientation. In an effort to provide confirmation of the 
dual orientation of Nductin-p lac an alternative strategy was used which was based 
on cysteine replacement (Jones et al, 1994,1995). A cysteine-free form of Nductin 
has previously been prepared which retains wild-type activity in the V-ATPase 
complex when expressed in vat c (Nelson and Nelson, 1990; Harrison et al, 1994). 
Replacement of the residues at position 6 ( N-terminus of helix 1) and 44 ( loop 
between helices 1 and 2) (Figure 25) by cysteine had no deleterious effects on V- 
ATPase activity and was accessible to reaction in the whole V-ATPase with the 
water soluble reagent fluorescein-5-maleimide (FM). The reaction caused a slight 
shift in the size of the Nductin polypeptide that could be detected by SDS-PAGE. 
Cysteine residues exposed to the cytosolic face will be accessible to hydrophilic 
reagents while those on the lumenal side should be inaccessible. As residues 6 and 
44 are on opposite sides of the membrane (Fig 25), it should be possible to use 
their availability to reaction with FM as a marker for the orientation of the ductin 
polypeptide in the microsomal membrane. As with the trypsin digestion of
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Figure 25. Disposition of Nductin in the bilayer showing the positions of the 
residues replaced by cysteine, S6 and S44.
The single cysteine replacement mutants of Nductin, S6C and S44C, flank the 
first transmembrane region of Nductin and are extramembranous (see Finbow et 
al., 1992; Jones et al., 1995).
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Nductin-(3 lac three possibilities can be envisioned for the FM labelling of either 
cys6 or cys44. If the N-terminus of Nductin is cytoplasmically located then cys6 
will be labelled with FM but cys44 will not, whereas if the N-terminus is lumenally 
located then cys6 will not label but cys44 will. If on the other hand the N-terminus 
is located on both the lumenal face and the cytoplasmic face due to dual 
orientations then both cys6 and cys44 will partially label with FM.
Firstly, to optimise the conditions for labelling with FM, microsomal membranes 
containing the mature (3-lactamase were incubated at different concentrations of 
FM. The conditions during an in vitro translation are reducing, which inhibits the 
action of the FM, thus high enough concentrations of FM have to be present 
during the labelling to overcome the reducing conditions and to allow a complete 
reaction, but without causing the permeabilisation of the microsomal membranes. 
The mature form of (3-lactamase contains two cysteine residues and reaction with 
FM in the presence of SDS results in a detectable shift of the polypeptide (figure 
26B), which suggests that any permeabilisation of the microsomal membranes will 
be detected from the labelling of (3-lactamase by FM. (3-lactamase was translated 
in the presence of microsomal membranes after which it was diluted five-fold then 
treated with FM at concentrations of 0, 0.25 , 0.5, 1.0 and 1.5 mM. Excess (3- 
mercaptoethanol was added after 60 minutes to mop up unreacted FM before 
centrifuging the samples to pellet the microsomal membranes.
At 0.25mM and 0.5mM FM there was no detectable shift in the migration of (3- 
lactamase, but above these concentrations a fraction of the (3-lactamase was 
labelled by FM, as seen by its altered migration (Figure 26A). This indicates that 
the microsomal membranes are impermeable to the FM at the concentrations 
0.25mM and 0.5mM, but above this concentration the FM can gain access to the 
lumenal contents of the microsomal membranes.
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Figure 26. Labelling of (3-lactamase by fluorescein-5-maleimide (FM).
A) |3-lactamase was translated in vitro in the presence of microsomal membranes, 
after which it was labelled for 60 minutes at 30°C with different concentrations of 
FM shown above each lane as mM. The FM labelling was performed once the 
translation mix had been diluted five-fold into either phosphate buffered saline 
(P) or MP buffer (M), to test the effect of different buffers on the permeability of 
the microsomal membranes. The microsomes were isolated from the reaction 
mixture by centrifugation and the labelled proteins visualised by 8% SDS-PAGE 
and autoradiography. B) Microsomal membranes containing in vitro translated 
(3-lactamase were either pelleted by centrifugation then resuspended in an equal 
volume of MP buffer, after which they were labelled for 60 minutes at 30°C by 
ImM FM in the presence (+) of 1% SDS, or were treated with ImM FM in the 
absence (-) of SDS prior to being collected by centrifugation. No dilution of the 
translation mix prior to FM labelling was performed. After FM labelling the 
microsomal membrane proteins were directly visualised by 12.5% SDS-PAGE 
and autoradiography.
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The two cysteine replacement mutants, cys6 and cys44, were analysed for their 
reactivity with FM under a number of conditions and FM concentrations. Two sets 
of labelling conditions were used, firstly the same as had been used for the labelling 
of (3-lactamase, and secondly where there was no dilution of the samples prior to 
addition of FM to a final concentration of l.OmM and 3.0mM. The second set of 
conditions had been used during die initial labelling studies, with the first set of 
conditions used later to increase the amount of FM present in relation to the 
protein of the in vitro translation mix. The final concentration of FM could not be 
increased since it was insoluble at higher concentrations, therefore the protein to be 
labelled was diluted instead. Using the first set of conditions the cys44 mutation 
exhibited approximately half labelling at the lowest concentrations (0.25mM and 
0.5mM), but at 1.5mM, when the membrane was permeable, there is a more 
complete reaction of the polypeptide with FM (Figure 27B). The fact that the level 
of labelling of cys44 was stable between 0.25mM and 0.5mM at approximately half 
labelling, suggests that all the available cys44 cysteine residues had been modified 
by FM. When the FM labelling of cys44 was performed using the second set of 
conditions, the labelling pattern was the same as before (figure 27A) with partial 
labelling at ImM FM and more complete labelling at 3mM, once the membranes 
were FM permeable. Cys44 was also labelled with FM in the presence of SDS 
(figure 28), which should have had the effect of exposing all cysteine residues to 
modification. This was indeed found to be the case, since the FM labelling of 
cys44 was increased compared to labelling in the absence of SDS.
The cys6 mutant was treated with FM using the same set of conditions as for 
cys44, except that there was no treatment at 1.5mM FM after dilution in MP 
buffer. The maximum level of labelling (at 0.5mM figure 27B and l.OmM figure 
27A) for cys6 that could be obtained before the microsomes became permeable to 
FM was only partial. Once the microsomal membranes became permeable to FM,
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Figure 27. Labelling of the cys6 and cys44 substitutions of Nductin by FM.
Microsomal membranes containing the in vitro translated cys6 (C6) (lanes 1 and 
2) and cys44 (C44) (lanes 3 and 4) substitutions of Nductin were labelled for 60 
minutes at 30°C with the different concentrations of FM shown above each lane 
as mM. Two sets of conditions were used, A) no dilution of the translation mix 
prior to FM labelling and B) dilution of the translation mix five-fold prior to FM 
labelling. After FM labelling the microsomal membranes were collected by 
centrifugation and the proteins visualised by 12.5% SDS-PAGE and 
autoradiography.
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Figure 28. Labelling of the cys6 and cys44 substitutions of Nductin by FM in 
the presence of SDS.
Microsomal membranes containing the in vitro translated cys6 (C6) (lanes 1 and 
2) and cys44 (C44) (lanes 3 and 4) substitutions of Nductin were either pelleted 
by centrifugation then resuspended in an equal volume of MP buffer after which 
they were labelled for 60 minutes at 30°C by ImM FM in the presence (+) of 1% 
SDS, or were treated with ImM FM in the absence (-) of SDS prior to being 
collected by centrifugation. No dilution of the translation mix prior to FM 
labelling was performed. After FM labelling the microsomal membrane proteins 
were directly visualised by 12.5% SDS-PAGE and autoradiography.
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cys6 was labelled to a much greater extent than before (figure 27B, lane 2 and 
figure 27A, lane 2). The labelling of cys6 in the presence of SDS was actually 
lower than in the absence of SDS (figure 28) which was unexpected and the reason 
unknown. The maximum labelling of cys6 and cys44 when the microsomal 
membranes retained their impermeability to FM was only partial in both cases. 
These two residues are on opposites sides of the lipid bilayer, so the labelling 
pattern for cys6 and cys44 can be best explained if ductin has two orientations in 
the membrane.
3.3.7. The role of charge in determining the orientation of Nductin-p lac.
The charge of the N-terminus has been implicated as a possible determinant of 
orientation (Parks and Lamb, 1991,1993). All forms of ductin so far sequenced 
have been found to have acidic residues present at their N-termini and it was 
postulated that these acidic residues may play a role in determining the orientation 
of ductin. In Nductin, there are two glutamic acid residues at positions 3 and 4 of 
the N-terminal region (Figure 6). To test the importance of these two residues 
they were exchanged for either alanine or lysine, and the effect that changes in 
charge at the N-terminus had on the orientation profile of Nductin-(3 lac was 
assayed. The alanine substitution changed the N-terminal charge from -2 to 0, 
while the lysine substitution created an N-terminus of charge +2. The previous 
studies on the influence of N-terminal charge indicated that changes of the 
magnitude to be carried out are likely to lead to a change in the orientation of 
Nductin-p lac (Parks and Lamb, 1991,1993).
The N-terminus of Nductin was mutated by using the same PCR strategy as had 
been used previously to construct the original Nductin-[3 lac fusion protein (figure 
19), the only difference being in the forward primer containing the T7 RNA 
polymerase site. For each N-terminal mutant the 3' end of that primer was
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extended to cover the residues at positions 3 and 4 and the appropriate changes in 
the nucleotide sequence were included such that the glutamic acid residues were 
replaced with either alanine using T7 Nductin AA (table 8) to produce NductinAA- 
[3 lac, or lysine using T7 Nductin KK to produce NductinKK-p lac (table 8). As 
before, capped mRNA was transcribed directly from the final PCR DNA construct 
and used for the in vitro translation of NductinAA-p lac and NductinKK-p lac.
The two N-terminal mutants of Nductin-p lac were treated in the same manner as 
for the wild type Nductin-p lac, and as before full length p-lactamase was included 
as a control for the access of trypsin to the lumen of the microsomal membranes. 
No immunoprecipitation was performed because the major epitope of the N2 
antisera appears to be located at the N-terminus and was adversely affected by the 
mutations introduced at the N-terminus. The trypsin digestion profile of 
NductinAA-p lac and NductinKK-p lac did not significantly alter from that seen for 
Nductin-p lac (Figure 29 and figure 30); two bands were observed, one of which 
was the uncleaved polypeptide while the lower band corresponded in size to the 
core transmembrane region after removal of the p-lactamase extension. The lack 
of any change in the orientation profile of Nductin-p lac after substitution of the N- 
terminal glutamic acids was surprising in light of the previously published data 
highlighting the importance of charge.
3.3.8. Orientation of VMA11.
It is likely that the ductin-related protein VMA11 shares some of the same 
biochemical properties as ductin such as the mechanism of membrane insertion. 
Therefore, the orientation of VMA11 was investigated using the same technique as 
for Nductin, the addition of a trypsin sensitive C-terminal extension based on p- 
lactamase. This extension was added to the C-terminus of VMA11 using the 
internal oligonucleotides VMA11 T4A sense and VMA11 T4A antisense (table 7),
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Figure 29. Time course of trypsin digestion of NductinKK-p lac and p- 
lactamase in microsomal membranes.
NductinKK-p lac and p-lactamase were separately translated in vitro in the 
presence of microsomal membranes, but before being treated with 0.025% trypsin 
over a 90 minute period on ice, equal volumes of NductinKK-p lac and p- 
lactamase sample were mixed. Prior to the trypsin digestion the microsomal 
membranes were treated with tetracaine-HCl to a final concentration of 2mM.
The digest was stopped at the indicated time points by diluting an aliquot of the 
sample into MP buffer containing aprotinin, after which the microsomal 
membranes were pelleted by centrifugation (M'somes). The pellet fraction 
protein was visualised by 12.5% SDS-PAGE and autoradiography.
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Figure 30. Time course of trypsin digestion of NductinAA-p lac and 13- 
lactamase in microsomal membranes.
NductinAA-p lac and p-lactamase were separately translated in vitro in the 
presence of microsomal membranes, but before being treated with 0.025% trypsin 
over a 90 minute period on ice, equal volumes of NductinAA-p lac and p- 
lactamase sample were mixed. Prior to the trypsin digestion the microsomal 
membranes were treated with tetracaine-HCl to a final concentration of 2mM.
The digest was stopped at the indicated time points by diluting an aliquot of the 
sample into MP buffer containing aprotinin, after which the microsomal 
membranes were pelleted by centrifugation (M'somes). The pellet fraction 
protein was visualised by 12.5% SDS-PAGE and autoradiography.
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and the flanking primers T7 VMA11 (table 8) and fi-lac 3'anti (table 2), employing 
the same PCR strategy as had been used to make Nductin-p lac, to produce 
VMAll-p lac. Capped RNA was transcribed (Ambion) directly from the full 
length purified PCR product for use in the in vitro translation reaction.
When VMA11-p lac was expressed in vitro in the presence of microsomal 
membranes then treated with 0.025% trypsin over the same timecourse as used 
previously, it exhibited a similar double band profile as had been seen for Nductin- 
p lac (figure 31). There was an uncleaved population of VMA11-p lac, as well as a 
cleaved population that corresponded in size to the core transmembrane region 
after removal of the p-lactamase extension. As for Nductin-p lac, this was 
interpreted as indicating that VMAll-p lac had been inserted into the microsomal 
membranes with dual orientations.
3.3.9. The assembly of ductin complexes.
3.3.9.1. Introduction.
The membrane complexes of either the V-ATPase or the gap junction contain six 
ductin polypeptides, and in the gap junction the six ductin polypeptides are 
arranged symmetrically around a central aqueous channel (Holzenburg et al.,
1993). EM analysis of the mediatophore complex also suggests an oligomeric 
complex of ductin similar to the connexon (see section 1.6.3.). Therefore, it was 
examined whether Nductin expressed in the microsomal membrane could self­
associate and in some way approximate the assembled ductin found in either of 
these final forms.
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Figure 31. Time course of trypsin digestion of VMA11-|3 lac and (3-lactamase 
in microsomal membranes.
VMA11-|3 lac and |3-lactamase were separately translated in vitro in the presence 
of microsomal membranes, but before being treated with 0.025% trypsin over a 
90 minute period on ice, equal volumes of VMA11-|3 lac and |3-lactamase sample 
were mixed. Prior to the trypsin digestion the microsomal membranes were 
treated with tetracaine-HCl to a final concentration of 2mM. The digest was 
stopped at the indicated time points by diluting an aliquot of the sample into MP 
buffer containing aprotinin, after which the microsomal membranes were pelleted 
by centrifugation (M'somes). The pellet fraction protein was visualised by 12.5% 
SDS-PAGE and autoradiography.
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3.3.9.2. Immunoprecipitation of ductin complexes.
The self-assembly of ductin was investigated by the co-immunoprecipitation, after 
in vitro expression, of Nductin-p lac and the bovine form of ductin (Bductin), 
using the N2 antisera. The Nductin-p lac fusion polypeptide was used instead of 
Nductin to allow a clear distinction on SDS-PAGE of the Nephrops and bovine 
forms since both would otherwise migrate at 16kDa.
Bductin and Nductin-p lac capped mRNA was mixed before being added to the in 
vitro translation reaction. A number of different ratios (1:3,1:1, and 3:1) of 
Bductin to Nductin-p lac mRNA were used in the translation to produce different 
ratios of Bductin and Nductin-p lac polypeptide for the immunoprecipitation.
There was little or no observable cross-reactivity between Bductin and the N2 
antisera (figure 32, lane 8). The Bductin was found co-immunoprecipitated with 
Nductin-p lac for each of the three mRNA ratios tried (Figure 32, lanes 9, 10 and 
11). When the Nductin-p lac polypeptide was limiting compared to Bductin, at the 
mRNA ratio of 3:1, Bductin and Nductin-p lac were co-immunoprecipitated in 
equal amounts, as was the case when the two polypeptides were translated in equal 
quantities, at the 1:1 mRNA ratio. These results suggested that the association 
between Nductin-p lac and Bductin was specific and not a result of the aggregation 
of hydrophobic polypeptides. In addition, the association between Bductin and 
Nductin-p lac was not a result of binding after the microsomes had been solubilised 
in the RIPA buffer since mixing of Bductin and Nductin-p lac after solubilisation in 
RIPA buffer did not lead to any association between the two forms of ductin 
(figure 32, lane 6).
The specificity of the ductin self-association was tested by co-expressing either 
Nductin or Nductin-p lac with a number of other polypeptides of varying
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Figure 32. Self-assembly of ductin complexes.
Capped mRNA encoding Nephrops ductin or the fusion protein Nductin-p lac was 
co-translated in the presence of microsomes with mRNA encoding bovine ductin 
(Bductin). On the left is shown the microsomal fraction and on the right the 
corresponding immunoprecipitation performed using the N2 antisera. Lanes 1 
and 2 show the translation products of mRNA encoding for Nductin-p lac and 
bovine ductin translated separately. Lanes 3 to 5 show a co-translation of the 
above mRNA's in approximate ratios of 1:3,1:1 and 3:1 respectively. Lanes 7 
and 8 shows the immunoprecipitation (IP) from the microsomes from lanes 1 and 
2 respectively and lane 6 shows the IP from an equal mix of lanes 1 and 2 after 
first solubilising the microsomal membranes in RIPA buffer. Lanes 9 to 11 show 
the IP of the microsomes shown in lanes 3 to 5. The protein samples were 
visualised by 12.5% SDS-PAGE and autoradiography.
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homology with Nductin. Three polypeptides were used; VMA11 (70% 
homology), PPA1 (40% homology) and squid rhodopsin (no homology). For each 
of these polypeptides the same protocol was used as had been used for Nductin-p 
lac and Bductin, that is repeating the immunoprecipitation with different ratios of 
co-expressed polypeptides. To allow a clear distinction between polypetides, 
Nductin-p lac was co-expressed with VMA11 then the immunoprecipitation 
performed with the N2 antisera. There was no cross-reactivity between VMA11 
and the N2 antisera (figure 33, lane 5). As for Bductin, VMA11 was co- 
immunoprecipitated in a specific manner with Nductin-p lac, and as before the two 
polypeptides were brought down in equal amounts when Nductin-p lac was 
limiting (figure 33). This was not the case when PPA1 was co-expressed with 
Nductin, since little PPA1 was co-immunoprecipitated with Nductin, when using 
the N2 antisera (figure 34). When the PPA1 polypeptide was present in excess of 
the Nductin polypeptide (figure 34, lane 3) only a small amount of PPA1 
polypeptide was co-immunoprecipitated, less than the equal amounts observed for 
VMA11 and Bductin (figure 34, lane 8). A similar observation was made for 
Nductin and rhodopsin when the two polypeptides were co-expressed and Nductin 
immunoprecipitated with the N2 antisera (figure 35). A small amount of squid 
rhodopsin was immunoprecipitated along with Nductin (figure 35, lane 8) when the 
two polypeptides were present in the translation mix in near equal amounts (figure 
35, lane 3). This was likely to be the result of a non-specific association since a 
small amount of squid rhodopsin was also present in lane 7 even though the 
amount of Nductin polypeptide present in the original translation mix (figure 35, 
lane 2) was very low.
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Figure 33. Association of Nductin-p lac with VMA11.
Capped mRNA encoding Nductin-p lac was co-translated in vitro with mRNA 
encoding the VMA11 polypeptide, in the presence of microsomes . On the left is 
shown the microsomal fraction (M'somes) and on the right the corresponding 
immunoprecipitation (IP) using the N2 antisera. Lane 1 shows the translation 
products of a single mRNA species encoding for the VMA11 polypeptide. Lanes 
2 to 4 show a co-translation of Nductin-p lac and VMA11 in approximate mRNA 
ratios of 1:3, 1:1 and 3:1, respectively. Lanes 5 shows the immunoprecipitation 
from the microsomes from lane 1. Lanes 6 to 8 show the IP of the microsomes 
shown in lanes 2 to 4. The protein samples were visualised by 12.5% SDS-PAGE 
and autoradiography.
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Figure 34. Non-association of Nductin with PPA1.
Capped mRNA encoding Nductin-p lac was co-translated in the presence of 
microsomes with mRNA encoding PPA1. On the left is shown the microsomal 
fraction (M'somes) and on the right the corresponding immunoprecipitation (IP) 
performed using the N2 antisera. Lanes 1 and 5 show the translation products of 
mRNA encoding for Nductin and PPA1 translated separately. Lanes 2 to 4 show 
a co-translation of the above mRNA's in approximate ratios of 1:3, 1:1 and 3:1 
respectively. Lanes 6 and 10 shows the IP from the microsomes from lanes 1 and 
5 respectively and lane 11 shows the IP from an equal mix of lanes 1 and 5 after 
first solubilising the microsomal membranes in RIPA buffer. Lanes 7 to 9 show 
the IP of the microsomes shown in lanes 2 to 4. The protein samples were 
visualised by 12.5% SDS-PAGE and autoradiography.
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Figure 35. Non-association of Nductin with squid rhodopsin.
Capped mRNA encoding Nductin was co-translated in vitro in the presence of 
microsomes with mRNA encoding the squid rhodopsin polypeptide. On the left is 
shown the microsomal fraction (M'somes) and on the right the corresponding 
immunoprecipitation (IP) using the N2 antisera. Lane 4 shows the translation 
products of a single mRNA species encoding the squid rhodopsin polypeptide. 
Lanes 1 to 3 show a co-translation of Nductin and squid rhodopsin in approximate 
mRNA ratios of 1:3, 1:1 and 3:1, respectively. Lanes 5 shows the IP from the 
microsomes from lane 4, while lane 9 shows the IP of squid rhodopsin and 
Nductin mixed after translation and dilution in RIPA buffer. Lanes 6 to 8 show 
the IP of the microsomes shown in lanes 1 to 3. The protein samples were 
visualised by 12.5% SDS-PAGE and autoradiography.
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3.3.9.3. The assembly of Bductin E139R
A mutant form of Bductin, E139R, has been shown to have a decreased binding 
affinity for the BPVI E5 oncoprotein and to have transforming activity when stably 
expressed in NIH3T3 cells (Andresson et al., 1993). One possible explanation for 
the properties of El 39R is that it is defective for assembly and that this can act in a 
dominant negative manner to knockout the endogenous ductin activity, thus 
causing transformation. To test whether the assembly of E139R was in fact 
altered, it was coexpressed with Nductin-p lac during an in vitro translation 
reaction and an immunoprecipitation performed using N2 antisera. The same 
conditions were used as had been used for wild type Bductin, and E139R was 
found co-immunoprecipitated with Nductin-p lac with no discernible alteration in 
the binding efficiency (Figure 36). The replacement of the essential glutamic acid 
in the fourth transmembrane region with lysine does not cause a disruption in the 
self-assembly of ductin, so the phenotype of E139R must be caused by the 
disruption of some other ductin property.
3.3.9.4. Chemical modification of ductin complexes by FM.
The investigation of the self-association of ductin was extended by the same 
cysteine replacement mutants of ductin that had been used previously to map the 
location of a proposed aqueous channel in the Vq sector of the V-ATPase (Jones et 
al, 1994,1995). Three single cysteine replacement mutants were available, cys25, 
cys27, and cys29 (Figure 37), each of which is located in the middle of the first 
transmembrane domain of ductin, but on different faces of the helix. This means
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Figure 36. Self-assembly of ductin complexes is not disrupted by the E139R 
mutation.
Capped mRNA encoding the fusion protein Nductin-p lac was co-translated in the 
presence of microsomes with mRNA encoding the mutant Bductin, E139R. On 
the left is shown the microsomal fraction (M'somes) and on the right the 
corresponding immunoprecipitation (IP) performed using the N2 antisera. Lanes 
1 and 5 show the translation products of mRNA encoding for E139R and 
Nductin-p lac translated separately. Lanes 2 to 4 show a co-translation of the 
above mRNA's in approximate ratios of 1:3, 1:1 and 3:1 respectively. Lanes 6 
and 10 shows the IP from the microsomes from lanes 1 and 5 respectively and 
lane 11 shows the IP from an equal mix of lanes 1 and 5 after first solubilising the 
microsomal membranes in RIPA buffer. Lanes 7 to 9 show the IP of the 
microsomes shown in lanes 2 to 4. The protein samples were visualised by 12.5% 
SDS-PAGE and autoradiography.
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Figure 37. Disposition of Nductin in the bilayer showing the positions of the 
residues replaced by cysteine, S25, L27 and A29.
The single cysteine replacement mutants of Nductin, S25C, L27C and A29C, are 
present in the middle of the first transmembrane region of Nductin (see Finbow et 
al., 1992; Jones et al., 1995).
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that the FM will have different accessibility to, and labelling of, the three residues, 
which can be visualised by changes in the migration of the polypeptides after FM 
modification. When Cys25, as part of the whole V-ATPase complex, was treated 
with FM it was not chemically modified (Jones et al., 1995). In contrast, when 
cys29 was treated under the same conditions it was modified, as seen by the 
increase in electrophoretic mobility of cys29. The results of the FM labelling of 
cys25 and cys29 isolated from the V-ATPase complex were in agreement with the 
predictions made from the model of ductin structure (Jones et al., 1995). Using 
the same model it was predicted that cys27 would be labelled by FM after being 
isolated from the V-ATPase, but this was found not to be the case. As well as 
these three residues other cysteine replacement mutants in the first transmembrane 
region were available and labelled by FM, and found to be modified in a manner 
consistent with predictions made from the model of ductin structure (Jones et al., 
1995).
The same two sets of FM labelling conditions were used to label cys25, cys27 and 
cys29 as had been used for the labelling of cys6 and cys44. These conditions 
allowed the cysteine replacement polypeptides to be studied when the microsomal 
membranes were either FM impermeable or FM permeable. Cys25 was at best 
only poorly labelled by FM (figure 39, lane 1) and generally was not labelled at all 
(figure 38A, lanes 1 and 2). Full labelling of the cys25 polypeptide was only 
obtained in the presence of SDS (figure 39, lane 2). When cys27 and cys29 were 
treated with FM they were both labelled and, as with the cys6 and cys44 mutants, 
only partial labelling could be obtained before the microsomal membranes became 
permeable to the FM (figure 38A, lanes 3 and 5, and figure 38B, lanes 1 and 2). 
Once the FM gained access to the lumen of the microsomes the labelling of cys27 
and cys29 increased to near complete labelling (Figure 38A, lanes 4 and 5). Cys27 
and cys29 were also treated with FM in the presence of SDS, where cys27 was 
found to be almost fully labelled (figure 39, lane 4). In contrast, the level of cys29
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Figure 38. Labelling of the cys25, cys27 and cys29 substitutions of Nductin 
by FM.
Microsomal membranes containing the in vitro translated cys25 (C25) (lanes 1 
and 2), cys27 (C27) (lanes 3 and 4) and cys29 (C29) (lanes 5 and 6)substitutions 
of Nductin were labelled for 60 minutes at 30°C with the different concentrations 
of FM shown above each lane as mM. Two sets of conditions were used, A) no 
dilution of the translation mix prior to FM labelling and B) dilution of the 
translation mix five-fold prior to FM labelling (only cys27 was labelled under 
these conditions; lanes 1, 2 and 3). After FM labelling the microsomal 
membranes were collected by centrifugation and the proteins visualised by 12.5% 
SDS-PAGE and autoradiography.
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Figure 39. Labelling of the cys25, cys27 and cys29 substitutions of Nductin 
by FM in the presence of SDS.
Microsomal membranes containing the in vitro translated cys25 (C25) (lanes 1 
and 2), cys27 (C27) (lanes 3 and 4) and cys29 (C29) (lanes 5 and 6) substitutions 
of Nductin were either pelleted by centrifugation then resuspended in an equal 
volume of MP buffer, after which they were labelled for 60 minutes at 30°C by 
ImM FM in the presence (+) of 1% SDS, or were treated with ImM FM in the 
absence (-) of SDS prior to being collected by centrifugation. No dilution of the 
translation mix prior to FM labelling was performed. After FM labelling the 
microsomal membrane proteins were directly visualised by 12.5% SDS-PAGE 
and autoradiography.
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FM labelling decreased in the presence of SDS as compared to labelling in the 
absence of SDS (figure 39, lanes 5 and 6). This lack of FM labelling for cys 29 in 
the presence of SDS was also observed for cys6 and again the reason for it was 
unknown. Of the three residues tested only the accessibility to FM of cys27 was 
different from that obtained when the FM labelling was performed on the mutants 
when isolated from the whole V-ATPase complex (Jones et al., 1995). The ability 
of the hydrophilic FM to modify a cysteine residue present at either position 27 or 
29 of helix 1 indicates that these two residues are exposed to an aqueous 
environment that is accessible to FM.
3.4. Discussion
3.4.1. The in vitro translation system.
The use of the in vitro translation system has allowed an outstanding question 
concerning ductin, that of how it becomes incorporated into the gap junction and 
the V-ATPase with two opposite orientations, to be studied and resolved. Two 
techniques were used to study the orientation of ductin, the trypsin cleavage of a 
trypsin sensitive extension on the C-terminus of Nductin (section 3.3.6.3.), and the 
FM labelling of single cysteine residues on opposite faces of the Nductin 
polypeptide (section 3.3.6.4.). Confidence in the result that ductin has dual 
orientations comes from the demonstration that ductin is capable of self-assembling 
into an oligomeric complex that contains an aqueous channel (section 3.3.9.). The 
ability to assemble demonstrates that the in vitro translation system is capable of 
supporting the proper folding and association of ductin, at least for the early stages 
of the generation of oligomeric ductin assemblies. Thus, there is no reason to 
believe that the results obtained using the in vitro translation system do not also 
apply in vivo, though it would be desirable to confirm the results in an in vivo 
system.
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Similar types of experiments have been performed on a number of other proteins 
and in a number of different systems. One such example is the hepatitis B virus 
envelope protein which has been studied using both in vitro translation (Ostapchuk 
et al., 1994) and transiently transfected cells (Bruss et al., 1994), with essentially 
the same results obtained in both systems. The newly synthesised Large (L) 
envelope protein was found to have a different membrane topology from that of 
the mature L protein. The N-terminal region of the L protein is thought to 
undergo a post-translational translocation event to produce the mature topology 
(Bruss et al., 1994; Ostapchuk et al., 1994). The canine microsomal membranes 
have been successfully used to study the mechanism of translocation and a number 
of important advances have been made (Walter and Lingappa, 1986). It would 
seem reasonable to accept the results obtained concerning the dual orientation of 
ductin as being representative of the process that occurs in vivo considering the 
reproducibility of previously published work obtained from the in vitro system.
The in vitro system can only be used to study the earliest events in the biogenesis 
of membrane proteins, such as membrane insertion and early processing events. 
Later events such as glycosylation processing and the assembly of mature 
complexes cannot be studied and instead requires the use of more complete 
systems, like transfected COS cells. Attempts to recreate protein-protein 
interactions in vitro may only be partially successful since unknown factors that 
impinge on interacting proteins will prove very hard to substitute. At least in 
complete cellular systems such unknown factors are likely to be present and allow 
the interaction of interest to be studied. Thus, to continue and extend the study of 
ductin's assembly into either the gap junction or the V-ATPase it may prove 
necessary to use a different system that can support a more complete assembly 
process.
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Chapter 4. General Discussion
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4.1. Role of the conserved loop regions
Due to the multisubunit nature of the V-ATPase complex the number of inter­
subunit interactions that are important for assembly will be expected to be large. 
Even the number of potential interactions between the four subunits that constitute 
the V0 sector (Kane et al., 1992; Bauerle et al., 1993) would be extensive, which 
makes the task of identifying sites of interactions difficult especially considering the 
lack of structural information concerning V q. One possible approach to 
understanding the structure of Vq is to make use of the structural information that 
has been obtained on ductin after it was isolated as the gap junction connexon, that 
is, a hexamer of ductin polypeptides arranged around a central aqueous channel 
(Holzenburg et al., 1993).
In support of a common structure is the fact that ductin is also present in the V- 
ATPase complex as a hexamer (Sun et al., 1987; Arai et al., 1988). In addition, 
there is the presence of an aqueous channel in the Vq sector, comprising helix 1 of 
ductin, which was inferred from the labelling pattern by FM of ductin cysteine 
replacement mutants isolated from the V-ATPase complex (Jones et al., 1995).
The consistency between the results obtained from the FM labelling of ductin and 
the gap junction derived model of ductin would suggest that the structure of ductin 
in both complexes is very similar and as such the model can be used to predict 
potential sites of interaction for ductin when it is in the V-ATPase complex.
At the start of this thesis work the candidate regions of ductin for a role in both the 
gap junction and the V-ATPase were the conserved loops between helices 1-2 and 
3-4. In the V-ATPase these regions are thought to be sites of contact with other 
subunits, while in the gap junction they are thought to be the sites of contact 
between apposing connexons. This suggests ductin has one orientation in the V-
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ATPase and another in the gap junction. The results presented in section 3.2.8. 
can be best explained on the proposed orientation of ductin in the V-ATPase.
The 1-2 loop chimera was able to form a functional V-ATPase, though with a 
much reduced activity compared to the wild-type complex. This indicates that the 
1-2 loop region is important for the activity of ductin but that the chimera is still 
able to assemble with the other V-ATPase subunits into an active complex. 
Therefore, the chimeric polypeptide may fold in a similar manner as the wild-type 
ductin. The reduction in V-ATPase activity is thus likely to be due to an alteration 
in the direct interaction between the 1-2 loop region and other V-ATPase subunits 
and not an indirect effect such as misfolding of the polypeptide. From this it would 
seem that the predicted position of the 1-2 loop is correct and it is exposed to the 
cytoplasmic face of the membrane where it can interact with other V-ATPase 
subunits. The inactivity of the 3-4 loop chimera could be a result of the same fault 
as the 1-2 loop chimera, a faulty connection within the assembled V-ATPase, 
alternatively the inactivity could be due to another problem such as faulty assembly 
of the V-ATPase complex due to misfolding of the 3-4 loop chimera. However, 
the ability of VMA11 to bind to Nductin, as demonstrated in the in vitro 
translation system, suggests that it is the transmembrane regions and not the loop 
regions that determine the folding and self-assembly of ductin (see section 4.5.). It 
would seem reasonable though to expect that the 3-4 loop chimera phenotype is a 
more extreme version of the 1-2 loop chimera phenotype since if the 1-2 loop 
region is cytoplasmic then so will the 3-4 loop region. A cytoplasmic location for 
the 3-4 loop region and a crucial interaction with other V-ATPase subunits would 
explain the inactivation of the V-ATPase when the 3-4 loop region is exchanged 
with the equivalent region of VMA11.
The location of the N- and C- termini of ductin in the lumen of the vacuoles when 
part of the V-ATPase complex has only been indirectly observed. One such
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observation was the difference between cys6 and cys44 in their formation of 
intermolecular disulphide bonds that was a consequence of the orientation of 
ductin in the V-ATPase, with cys6 lumenally located and cys44 exposed to the 
cytoplasm (Jones et al., 1995). As such, these mutants encountered different 
oxidising conditions which lead to disulphide bond induced dimerisation of cys6 
under natural conditions, but not of cys44, dimerisation of which only occurred 
during isolation and was prevented by addition of NEM. A second study, using 
anti-peptide antibodies directed against the N-terminal region of ductin to label 
chromaffin granule membranes showed that these antibodies only bound to the 
lumenal surface of these V-ATPase containing membranes (Finbow et al., 1993), 
and this again suggests that the N-terminus of ductin was lumenally located. While 
in a third study, the C-terminus of ductin was modified by a six histidine extension, 
which did not cause the inactivation of ductin in the V-ATPase complex (Harrison 
et al., 1994) and is therefore not important for activity. This suggests that the C- 
terminus is sufficiently distant from other subunits of the V-ATPase complex not to 
cause inactivation. In a fourth study, an inactive form of ductin with the R34N 
mutation was rescued by extragenic second site suppresser mutations (Supek et al., 
1992). The suppresser mutations were assumed to be present on V-ATPase 
subunits that were in contact with the conserved loop region that contained R34N, 
and that this region was located on the cytoplasmic face of the membrane.
The results obtained in this thesis concerning the activity of the ductin loop 
chimeras provides additional evidence to that already described above which 
supports the orientation of ductin being N-and C- termini lumenally exposed when 
it is in the V-ATPase complex. The activity of the loop chimeras of Nductin was 
significantly reduced or inactive compared to wild type levels, indicating that the 
conserved loop regions of ductin are important for the activity of ductin. This was 
predicted from the model of ductin which placed these loop regions at the interface
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between ductin and the other V-ATPase subunits where they would play an 
important role in intersubunit association.
The results from the expression of the ductin loop chimeras does not provide data 
on which subunits of the V-ATPase it is that this region interacts with, but the 
importance of these regions in the activity of ductin was demonstrated. By analogy 
with the F-ATPase subunit c loop region, the ductin 3-4 loop region may be 
important in coupling proton translocation through Vq with the ATP hydrolysis in 
Vj. In the F-ATPase subunit c, mutation of the conserved polar loop region 
consistently leads to the same phenotype, that of decoupling (Mosher et al., 1985; 
Fraga et al., 1994). It would be interesting to test the 3-4 loop chimera for an 
equivalent decoupling effect in the V-ATPase. Previous attempts at isolating the 
V-ATPase complex from cells expressing the defective chimeric polypeptides had 
failed due to low yields of vacuolar membranes. However, a new constitutive 
expression vector is available that provides a substantial increase in expression, and 
this may overcome the problem. Also, it may prove possible to test the effect that 
the ductin loop chimeras have on GJIC by expressing the chimeras in a model 
system for communication between cells, though at the moment such a system is 
unavailable.
Recent mutational analysis of ductin aimed at identifying residues involved in the 
translocation of protons indicates that the essential glutamic acid in helix 4 may lie 
in a crevice that is formed between helix 3 and helix 4 ( Y.-I. Kim, University of 
Leeds; personnel communication) instead of facing into the centre of the four 
helical bundle, as had been originally modelled. This new location for the essential 
glutamic acid is similar to what has been suggested for the location of the 
equivalent residue in subunit c, which has been ascribed to a crevice between the 
two helical segments (Fillingame et al., 1992). In ductin, the potential crevice 
containing the essential glutamic acid is in close proximity to the 3-4 loop region
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identified in this study as being essential for ductin activity. This close proximity 
may be to allow a linkage in some manner between the passage of protons along 
the helix 3 and helix 4 crevice and the other subunits of the V-ATPase that are in 
contact with the 3-4 loop region.
One way to identify potential sites of interaction with the 3-4 loop and 1-2 loop 
regions would be to isolate second site suppressor mutations that resulted in the 
restoration of the V-ATPase activity, as has been done previously for yeast ductin 
by N. Nelson (Supek et. al., 1992; 1994). In these studies suppressor mutations 
were selected for by either mutating inactive forms of the ductin polypeptide and 
screening for active forms of the polypeptide, or by mutagenising cells at low ethyl 
methanesulphonate levels then selecting for revertants. These techniques were 
successful in identifying a number of residues that could lead to a suppression of 
the inactive ductin phenotype. In one case, K34N, all the suppressor mutations 
were extragenic (Supek et al., 1992), suggesting an interaction with the other 
subunits of the V-ATPase for this residue. The sites at which second site 
suppressor mutations occur may correspond to the pathway that links proton 
translocation with ATP hydrolysis, as has already been suggested for the F-ATPase 
where suppressor mutants of subunit c polar loop mutants occur in the Fj subunit e 
(Zhang et al., 1994; Capaldi et al., 1994). If the 3-4 loop region of ductin does 
perform a similar role to that of the subunit c polar loop region then it may be 
possible to replace the 3-4 loop region with the polar loop region of subunit c, with 
the aim of showing a conservation of function between the two regions, if they are 
interchangeable.
4.2. Role ofVMAll
VMA11 and ductin are very similar at the amino acid sequence level (70%; 
Umemoto, 1991), thus it was not surprising to find that in terms of the biochemical
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properties studied in this thesis ductin and VMA11 have a number of features in 
common . Like ductin, VMA11 was inserted into microsomal membranes with 
dual orientations, and it was able to bind to ductin when the two proteins were co­
expressed. These observations tend to suggest that the function of VMA11 will be 
similar to that of ductin, that is, a membrane channel protein, but with some crucial 
differences that provide the basis of their different activities. It has been suggested 
that VMA11 could be involved in the assembly of the V-ATPase enzyme, but not a 
part of the final complex since no VMA11 polypeptide was isolated from the V- 
ATPase complex (Umemoto, 1991). The ability of VMA11 to bind to ductin may 
not be relevant to the in vivo situation since in vivo VMA11 may not encounter 
ductin at all, or at least until after it is no longer capable of binding to ductin. If 
VMA11 does bind to ductin in vivo to enable assembly, VMA11 would need to be 
extracted from the resulting complex, which would seem to be an inefficient 
process especially considering ductin is capable of self-assembly in the absence of 
VMA11. If this is the case then there would appear to be no need for VMA11 to 
assist in the self-assembly of ductin, but that does not rule out a role for VMA11 in 
the assembly of the other Vq subunits.
An alternative function for VMA11 could be that it provides a different ion 
specificity from that of ductin or that it forms the channel forming component of a 
non-vacuolar located V-ATPase-type enzyme. A non-vacuolar V-ATPase has 
been suggested as the location of the STV1 polypeptide since it localises to a 
different compartment from the homologous vacuolar-located protein, VPH1 
(Manolson et al., 1994) (see section 1.6.4.2.). One of the problems in trying to 
identify the role of VMA11 has been the inability to isolate the polypeptide 
(Umemoto, 1991). This may be due to a low expression level and/or a non- 
vacoular localisation. One way round this problem would be to tag VMA11 with 
an epitope, such as c-myc, and use the available antibodies against c-myc to either 
localise the tagged polypeptide or to try and isolate the polypeptide by
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immunoprecipitation. Alternatively, further studies on Nductin to VMA11 changes 
may provide a "Nephrops" protein with VMA11 activity.
The inability of any of the chimeric ductins, even with the additional changes, F24L 
and Y31I, to functionally replace the VMA11 activity indicates that the difference 
in activity between ductin and VMA11 is caused by more widespread changes 
throughout the polypetides than at first thought. A candidate region for further 
modification is in the third transmembrane helix of ductin on the same helical face 
as SI03, since this residue is thought to be part of the crevice that contains the 
essential glutamic acid on helix 4, and as such may be involved in the translocation 
of protons (figure 40) (Y-I Kim, Leeds University; personal communication). If it 
proves possible to change the activity of ductin to that of VMA11 then this may 
help to identify residues involved in proton translocation in the V-ATPase 
complex.
4.3. Orientation of ductin in microsomal membranes.
To begin an investigation into the orientation of ductin it was necessary to define 
the mechanism by which ductin became inserted into the lipid bilayer. As would be 
expected from its location and disposition, in the vacuolar membrane as part of the 
V-ATPase, and the plasma membrane as part of the gap junction, the efficient 
synthesis of Nductin during in vitro translation is dependant upon the presence of 
microsomal membranes. This suggests the involvement of the SRP, in the same 
manner as had been observed for the acetylcholine receptor 5 subunit (Walter and 
Blobel, 1981), and it therefore seems likely that in eukaryotic cells ductin is 
synthesised on ER bound ribosomes and inserted directly into the endoplasmic 
reticulum.
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Figure 40. A model depicting the relative position of residues on the surfaces 
of the four a-helix bundle of Nductin.
The two residues, F24 and Y31, are thought to lie in the interface between helices 
1 and 4. The three residues, S25, L27 and A29, have been positioned to reflect 
their relative labelling by FM when replaced by cysteine. L27 and A29 were 
labelled by FM, so are thought to face into the central aqueous channel, while S25 
was not labelled by FM, so it has been positioned away from the central channel. 
The residue SI03 is thought to line the crevice between helices 3 and 4 in the 
region of the essential E140 (modified from Finbow et al., 1995).
H ydrophobic 
Gly/Ala rich 
Polar
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The consensus view on the orientation of membrane proteins is that they are 
inserted with a single orientation and that the translocation machinery is 
responsible for the accurate insertion of the membrane proteins (von Heijne, 1995). 
Ductin is one of the first nativeproteinsto be shown to have dual orientations after 
insertion into the membrane. As such, ductin challenges the consensus view on 
membrane protein insertion and sets a precedent for the insertion of membrane 
proteins with dual orientations. The insertion of ductin with dual orientations 
provides an explanation for previous studies on ductin which showed that the N- 
terminus of ductin was cytoplasmic in the gap junction (Finbow et al, 1992, 1993). 
In contrast, in the V-ATPase, mutagenesis studies and the maintenance of V- 
ATPase activity after addition of a poly histidine tail at the C-terminus of ductin, 
suggested that the N-terminus had a lumenal location (Supek et al., 1992, 1994; 
Harrison et al, 1994; Jones et al, 1994).
In a similar fashion to that of ductin, VMA11 was shown after trypsin cleavage of 
the fusion polypeptide, VMAll-p lac to be inserted into the microsomal membrane 
with dual orientations. What this result indicates is that the phenomena of dual 
orientations is not restricted to ductin, and from this is the question of where are 
the signals in ductin and VMA11 that give rise to this dual orientation. As 
mentioned above, the highest level of homology between the two proteins occurs 
in the transmembrane regions, so it would seem likely that the signals that cause 
the dual orientation are contained within the transmembrane regions. This agrees 
with the results on the effect of N-terminal charge on the orientation of ductin, as 
described below.
Although ductin appears to contradict current opinion, it is important to recognise 
that little is known about what governs orientation of poly topic membrane 
proteins. One reason for believing ductin has dual orientations is the confidence in
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the predicted membrane disposition of ductin, that is, as a four a-helicai bundle 
embedded in the lipid bilayer. The original predictions on ductin's disposition made 
on the basis of hydropathy plots have since been confirmed and extended by a 
variety of techniques. One such technique was FTIR which showed that ductin 
was composed mainly of a-helical regions (Holzenburg et al., 1993). Such a 
statement can not be made for other well studied membrane proteins whose 
structure are not well understood, like the acetyl choline receptor (ACh R). The 
transmembrane portion of the ACh R subunits were originally modelled as four a- 
helices but once the structure of the ACh R was resolved to 9A only a single a- 
helix, that of M2, could be identified in the transmembrane region, thus creating 
uncertainty over the validity of the earlier predictions (Unwin, 1993; Hucho et al., 
1994). This example illustrates the danger in relying solely on predictions from 
hydropathy profiles as the basis for interpreting topological results from membrane 
proteins.
The insertion of ductin in dual orientations at the time of its synthesis provides a 
means for ductin to become incorporated into both the gap junction and the V- 
ATPase while keeping the two complexes segregated (figure 41). In this manner 
the cell is able to utilise the channel properties of ductin in two different complexes 
and eliminates the need to re-invent a channel protein. Because of the vectorial 
nature of the other subunits of the Vq sector they would be able to distinguish 
between the two orientations of ductin and bind only to the vacuolar orientation of 
ductin. As yet it is not clear as to how the ductin present in the mediatophore 
relates to the ductin present in the other two complexes, though it is likely to act as 
the channel component of the mediatophore.
The signals which might direct the dual orientation of ductin have not yet been 
identified. The relative disposition of charged residues, especially positive charges, 
in extramembranous domains are thought to be major determinants of orientation
155
Figure 41. Proposed scheme of the insertion of ductin leading to dual 
orientations and the segregation of the assembly of the Vq of the V-ATPase 
from the connexon of gap junction.
Ductin is inserted into the ER membrane in dual orientations where it self- 
assembles into an oligomeric complex, in this model assumed to be a hexamer. 
The two orientations are then differentially transported so that ductin with the bl­
and C- termini exposed to the cytoplasm becomes incorporated into the gap 
junction, while ductin with the N- and C- termini exposed to the ER lumen 
becomes incorporated into the V-ATPase complex.
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(Gafvelin and von Hjeine, 1994). Changing conserved acidic residues at the N- 
terminus for basic or neutral residues appears to have had no effect on the ratio of 
the two orientations, indicating that the charge of the N-terminal region is not a 
factor in determining the dual orientation of ductin. A possible alternative signal 
containing region might be the transmembrane domains of the first and second 
helices. There is some basis for believing that this may be the case since work on 
type III transmembrane proteins showed that this orientation was determined in 
part by the length of the transmembrane segment as well as the N-terminal charge 
(Sakaguchi et al., 1992; Parks and Lamb, 1993).
One way to test the importance of the transmembrane regions would be to create 
chimeric forms of ductin that had this region replaced with the equivalent portion 
of a multimembrane pass protein known to have a single orientation, and then test 
the orientation of the resulting chimeric polypeptide. By systematically replacing 
portions of the transmembrane segments it should be possible to identify the 
regions responsible for the dual orientation. A possible candidate protein for such 
a study is squid rhodopsin, which is known to have a single membrane orientation, 
the N-terminus being located in the lumen and the C-terminus being exposed to the 
cytoplasm (Ryba et al., 1993). An alternative approach, aimed at conferring dual 
orientation onto a protein of known single orientation may also identify the signals 
that result in a dual orientation. Again squid rhodopsin would seem a suitable 
candidate protein since its orientation can be readily determined from cleavage of 
the C-terminal region by endoproteinase glu-c (V8 proteinase) (Ryba et al., 1993). 
Once the signals that determine the dual orientation of ductin are known it may 
prove possible to manipulate ductin such that it is inserted in a single orientation. 
This would then allow the specific targeting of either the gap junction or the V- 
ATPase complex with altered forms of ductin and to test the effect this has.
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The generation of the orientation of type I and type II membrane proteins has been 
explained within the context of the hairpin model of protein insertion. This model 
proposes that the signal sequence is presented to the translocation site as an a- 
helical hairpin, with cleavage of the signal sequence generating the type I topology 
and non-cleavage generating the type II topology (Shaw et al., 1988). This model 
is less useful in explaining how the type III membrane orientation is generated, in 
which the signal sequence also acts as a membrane anchor and is not cleaved, 
resulting in the N-terminus being located in the lumen of the ER membrane, the 
opposite location as predicted by the hairpin loop model. There is no reason to 
believe that the standard translocation machinery is not capable of generating this 
orientation since there is evidence that this machinery is responsible for the type III 
orientation (Hull et al., 1988), so there is no need to invoke an alternative 
mechanism of insertion for ductin.
To test this, it may be worth investigating the ER machinery that gives rise to the 
dual orientation; is it the same as the basic translocation machinery based on the 
Sec61 complex (Gorlich and Rapoport, 1993) or are there additional factors 
responsible? The ability of the minimal translocaton machinery to insert both type 
I and type II proteins in their correct orientation (Gorlich and Rapoport, 1993) 
suggests that the orientation of ductin will also be determined by the Sec61 
complex, without the aid of additional factors. A reconstituted system containing 
the SRP receptor and the Sec61 complex could be used to test the insertion and 
orientation of ductin and to identify the minimal translocation machinery required 
for a polytopic membrane protein. In addition, it should be possible to repeat, 
using ductin loaded with photoactivatable lysine analogues, the cross-linking 
experiments that confirmed the location of the Sec61 complex at the heart of the 
translocation machinery (Mothes et al., 1994). Such studies showed that the 
number of preprolactin residues in contact with the Sec61 complex was 40 after 
cleavage of the signal sequence, but before cleavage there were 80 residues in
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contact with the Sec61 complex. These results are consistent with the hairpin 
model of insertion, and that before cleavage of the signal sequence the 80 residues 
in contact with the Sec61 complex are arranged so as to span the membrane twice 
within the translocation channel. Using ductin in place of the preprolactin in this 
system might confirm or refute the hairpin model as the basis for explaining the 
insertion of ductin and more generally other polytopic membrane proteins that do 
not have a cleaved signal sequence.
4.4. Assembly of ductin complexes
Once inserted into the membrane, ductin can self-associate, as shown by the ability 
of Bductin to bind to Nductin-p lac. This association suggests assembly of 
membrane complexes containing ductin takes place in the endoplasmic reticulum, 
as is the case for other oligomeric complexes (Hurtley and Helenius, 1989). This 
association is specific since no binding of ductin to poly topic membrane proteins of 
limited (PPA1) or no homology (squid rhodopsin) was observed. Ductin can also 
bind to the VMA11 polypeptide, which has 70% identity to ductin, with the 
conserved residues being concentrated in the transmembrane regions. This 
suggests that binding between ductin and VMA11 polypeptides occurs primarily 
within the transmembrane domains, as might be expected for these hydrophobic 
polypeptides.
The ability of ductin to bind to itself and VMA11 suggests that ductin folds with 
the correct secondary and tertiary structure once inserted into the microsomal 
membranes. In addition, it has recently been found that ductin binds to the 
transforming E5 polypeptide of bovine papillomavirus type 1 in microsomal 
membranes (Faccini et al., 1995), which further supports the idea that the folding 
and assembly of ductin in vitro is functionally equivalent to that of ductin in vivo. 
Whether folding is spontaneous or somehow directed by chaperones, e.g. BiP, is
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not known. However, the small amount of ductin polypeptide exposed as 
extramembranous regions would suggest that there is minimal opportunity for the 
involvement of BiP or other ER chaperones. The apparent normal folding and self­
association of ductin leads to the possibility that other polytopic membrane 
proteins which have short extramembranous domains, such as the ductin 
progenitor subunit c proteolipid of the Fq, might likewise spontaneously fold and 
assemble into oligomeric complexes (see below).
The labelling of residues deep in the first transmembrane domain by fluorescein-5- 
maleimide (FM) suggested the presence of an aqueous pore in the oligomeric 
complex detected by the co-immunoprecipitation of Nductin-p lac and Bductin. 
Such a pore has been detected in EM images of the connexons of gap junctions 
after negative staining (Holzenburg et al., 1993) and by the FM labelling of ductin 
isolated from the V-ATPase complex (Jones et al., 1995). Of interest is that FM 
only labels approximately half of the cys27 and cys29 polypeptides until the FM 
was able to cross the microsomal membrane, when near full labelling was achieved. 
This suggested that there is some kind of occlusion in the nascent oligomeric 
complex that prevents access to the FM from one side of the oligomeric complex 
and that the dual orientation of ductin results in FM having only partial access to 
the assembled oligomeric complex. The presence of an occlusion is consistent with 
the assumption that the V0 sector is impermeable to protons and larger molecules 
after removal of the Vj sector or after re-constitution in liposomes (Harrison et al., 
1994). Closed connexons have also been predicted from studies examining gap 
junction structure (Unwin and Ennis, 1984). However, there is one difference 
compared with FM labelling in the V-ATPase complex, which is that cys27, 
predicted to face into the centre of the pore (figure 41) (Finbow et al, 1992), is not 
labelled efficiently in the whole V-ATPase but is labelled in the microsomal 
membrane. The reason for this difference may be that the ductin oligomeric
t
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complex is modified during the assembly of the V-ATPase complex by the 
presence of the other subunits.
The Bductin mutant E139R was available with which to test the effect on assembly 
of the substitution of the conserved essential glutamic acid for lysine. E139R was 
co-immunoprecipitated with Nductin-p lac in the same ratio as had the wild type 
Bductin, indicating that the substitution had no effect on the ability of Bductin to 
assemble with Nductin-P lac. The transforming effect that has been reported for 
this mutation (Andresson et al., 1993) is probably not due to faulty assembly of this 
polypeptide, but instead due to alteration of some other activity of ductin, such as 
the channel properties or the association of other polypeptides with ductin.
An understanding of the process that leads to the assembly of ductin complexes 
should also be applicable to a number of other membrane channel families e.g. the 
aquaporins, that consist of multi-subunit assemblies (Walz et al., 1994). The 
assembly of another multi-subunit complex, the ACh R, is via a multistep process 
involving the rapid formation of a trimer of subunits followed by the slower 
addition of the last two subunits to produce the full pentameric assembly (Green 
and Claudio, 1993). During this process an important factor is thought to be the 
folding of the large extramembranous domains by factors in the lumen of the ER. 
Similarly the folding of the VSV G protein ectodomain has been shown to involve 
the lumenal chaperone proteins BiP (GRP78) (Machamer et al., 1990) and calnexin 
(Hammond, 1994). The ectodomain folding of both the ACh R subunits and the 
VSV G protein may be able to influence the way in which the transmembrane 
regions of these polypeptides interact with themselves. This is not the case for 
ductin which has only the most minimal regions exposed to the ER lumen, so it is 
unlikely that there is any involvement of lumenal factors in the folding and 
assembly of ductin. If this is the case then what are the forces that determine the 
self-assembly of the ductin polypeptides?
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The folding and assembly of integral membrane proteins is thought to occur in a 
two step process, with the formation of a stable helix followed by the association 
of the helices into the tertiary/quaternary structure (von Heijne, 1995). The 
association of transmembrane regions has been studied in a number of proteins, 
including bacteriorhodopsin and glycophorin A. The dimerisation of glycophorin 
A is mediated by its transmembrane domain and was shown to be the result of a 
specific helix-helix association (Lemmon et al., 1992). In this study what were 
considered relatively conservative changes were capable of disrupting the 
association mediated by the transmembrane region, indicating that a high degree of 
specificity was involved at the dimer interface. The transmembrane segments of 
bacteriorhodopsin can be considered as independently folding units since a 
functional polypeptide can be generated from the association of the first two 
transmembrane segments with the other five transmembrane segments after 
reconstitution of the chymotrypsin cleaved polypeptide (Popot et al., 1987). The 
ability of these two fragments to fold into a native structure during reconstitution 
suggests that the folding of these polypeptides is primarily determined by local 
properties of the sequence and not by the presence of either the rest of the protein 
or the biosynthetic machinery. The general outline of the principles involved in the 
assembly of membrane proteins, those of independently folding units that are 
capable of very specific associations, seems likely to apply to ductin at both the 
tertiary and quaternary level.
It should be possible to identify the regions within ductin that contribute to the 
process of self-assembly by systematically replacing the transmembrane regions of 
ductin with the equivalent region of PPA1. PPA1 is homologous to ductin but is 
unable to associate with ductin in the in vitro system (figure 34 ), so exchanging 
transmembrane domains between the two proteins should minimise disruption of 
the tertiary structure while allowing the effects on quaternary structure to be
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studied, since an association competent domain from ductin will have been 
replaced with an association incompetent domain from PPA1. By testing the 
ability of these ductin/PPAl chimeras to self-assemble and to assemble with ductin 
the regions involved in assembly may be mapped. A panel of ductin/PPAl 
chimeric polypeptides could also be used to investigate the role of individual 
transmembrane domains in the binding of other proteins to ductin. One such 
protein is the BPV1 E5 oncogene which has been shown to bind to ductin in the in 
vitro translation system (Faccini et al., 1995) and in a number of other expression 
systems, such as transient transfection of COS cells (Goldstein and Schlegel,
1990). In contrast, the PPA1 polypeptide was unable to bind to E5 in the in vitro 
translation system, thus making it possible to use the ductin/PPAl chimeric 
polypeptides to map the E5 binding site on ductin.
If the assembled form of ductin found in vitro contains the same aqueous channel 
found in the final gap junction and V-ATPase complexes then this initial assembly 
process probably provides the basis for the further assembly of ductin containing 
complexes. The assembly of the V-ATPase is already known to occur in the ER 
(Myers and Forgac, 1993) so the self-assembly of a ductin complex in this region 
is not surprising, but the site of assembly for the gap junction has not been 
established so the identification of the ER as the site of the initial assembly process 
is a beginning in the understanding of how the whole process of gap junction 
assembly occurs. One of the intriguing results obtained from the FM labelling is 
the presence of an occlusion in the ductin complex that only allows the FM access 
to the single cysteine residues from one side of the membrane. The detection of 
this occlusion now allows it to be mapped, by altering the sites of the single 
cysteine residue to different locations in the aqueous channel. If this occlusion is 
the result of a "closed" ductin hexamer channel then it may prove possible to 
"open" the channel by mutation, and so determine the residues or regions of ductin 
involved in opening the channel.
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